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ABSTRACT 
The existence of Dark Matter was first proposed by Fritz Zwicky in 1933, based on the ob-
served velocity distribution of galaxies in the Coma Cluster. Subsequent studies of visible 
mass and velocity distributions in other galaxies have confirmed Zwicky's original observa-
tion ; t here is now little doubt that Dark Matter exists. However , due to the fact that Dark 
Matter interacts very weakly t hrough non-gravitational forces , nothing is known about the 
nature of Dark Matter. It is believed that Dark Matter particles are streaming toward the 
Earth , in the Earth's rest frame, from the direction of the constellation Cygnus. Obser-
vat ion of this so-called Dark Matter 'wind' with a direction-sensitive dark matter particle 
detector would be compelling evidence that Dark Matter does consist of a gas of discrete 
part icles as a new form of matter. The DMTPC collaboration is developing such a detector , 
and this thesis describes R&D work in support of that project. The DMTPC technique 
for looking for Dark Matter relies on Dark Matter particles interacting with atomic nuclei, 
causing the nuclei to recoil and to leave optical signals that can be detected. Since neu-
t rons are elect rically neutral and collide with nuclei , they can mimic Dark Matter signals . 
Therefore, the reduction of neutron background is critical to the successful detection and 
identification of Dark Matter particles. One important aspect of this thesis is to fully 
understand and quant ify neutron interactions with our detector. In addit ion to providing 
information for understanding Dark Matter experiments, this work also allows us to under-
lV 
stand how our device can be used as a neutron detector. We have been able to measure a 
number of neutron events in a variety of experimental runs both with and without neutron 
sources such as a neutron generator and 252Cf. From these runs, we have obtained data for 
both elastic and inelastic interactions of neutrons of various energy ranges with detector 
gas nuclei. In this thesis, I will also discuss our current background data taking for the 
Dark Matter research and our plan for scaling up the detector to 100 m3 for a competitive 
Dark Matter search. 
v 
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Chapter 1 
History and Theoretical Motivation of 
Dark Matter 
1.1 Historical Background 
In the 1930s during his observation of the Coma Cluster of galaxies, Fritz Zwicky discov-
ered that the velocities of those galaxies were much greater than what the visible matter 
alone should have caused (Zwicky, 1933, 1937). In fact, without orne unseen mass within 
the cluster, the observed velocities were so great that the galaxies would have escaped the 
cluster. Based on the quantity of light emanating from those galaxie , Zwicky concluded 
that the total mass required to produce the velocity distribution was an order of magnitude 
greater than what he had observed. This result led him to propose the existence of orne 
sort of invisible and unknown matter in the Universe, which he named .. dunkle (kalte) 
Materie". 
In the 1970s, a group of scient ists led by Vera Rubin studied the rotational velocitie of 
individual spiral galaxies and concluded, with unambiguous evidence, that the theory pro-
posed by Zwicky was correct (Rubin et al. , 197 ). The center of each spiral galaxy has the 
highest concentration of visible matter, such as stars. etc. Thus, the greatest amount of 
light is ob erved from this region. As the distance from the center increases. the amount 
of light observed decrease . This led astronomer to as ume that mo t of the mas was 
1 
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Figure 1.1: (a ) Rotational velocities as a function of the distance from the center of each 
galaxy. (b ) Internal mass contained within a disk of radius r, as a function of r , which is 
the distance from the center of the galaxy (Rubin et al., 1978) . 
concentrated at the center of the rotating galaxies. On such a large scale, gTavitational in-
teraction dominates the motion of the galaxies/stars, and it was natural to believe that the 
velocities of visible matter would decrease as the distance from the center of each galaxy 
increased. However, what Rubin discovered was the complete opposite of this presumption; 
the rotational velocities of visible matter stayed constant from the center to the perimeter of 
the galaxies (see Fig. 1.1(a)), despite the fact that there was not nearly enough visible mass 
observed to account for the visible matter 's velocity. Rubin then proposed that most of the 
visible matter was bundled within a huge spherical halo of dark matter, which provides the 
necessary mass for the visible matter to rotate with the observed velocities (see Fig. 1.1(b)) . 
In 2001 , ASA launched the Wilkinson Microwave Anisotropy Probe (WMAP) to make 
precision measurements of the Cosmic Microwave Background radiation (see Fig. 1.2). The 
measurements revealed that only 4.6 % of the entire energy of the Universe is made of or-
dinary or baryonic matter, which constitutes standard model particles such as protons, 
neutrons or electrons. It also concluded that 72.1 % of the energy in the Universe is made 
3 
Figure 1.2: Seven year WMAP data showing the temperature fluctuations that occurred 
13.7 billion years ago (The WMAP Science Team). 
up of Dark Energy, which is believed to be responsible for the acceleration of the Universe's 
expansion. The remaining 23.3 % of energy is believed to be made up of Dark Matter, the 
subject of this thesis (Komatsu et al., 2010; Bennett et al., 2003) . 
More evidence for t he existence of Dark Matter came from weak gravitational lensing ob-
servations of two colliding clusters of galaxies, called the 'bullet cluster.' In their paper, 
Clowe et al. presented the analysis of the details of the two colliding galaxies (Clowe et al. , 
2006). The two galaxies collided with a velocity of 4500 kmjs. After t he collision, there is a 
clear separation between the concentrations of visible matter and the invisible matter. T he 
green lines in Fig. 1.3 show the gravitational contour based on weak lensing measurements 
and the distribut ion of Dark Matter is depicted in blue. During the merging event of the 
two clusters, ordinary gas experienced ram pressure, and the motion of the visible part of 
the galaxies slowed. This is shown in the color plots of Fig. 1.3. However, Dark Matter 
does not experience such a force, result ing in the clear separation of the two species of 
particles baryonic and non-baryonic matter. This phenomenon presented strong evidence 
for the existence of Dark Matter. There is no question that the majority of the matter 
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Figure 1.3: (a ) The merging cluster 1E0657-558. (b ) Image from ASA's Chandra X-ray 
Observatory (Clowe et al., 2006). 
Matter is some type of matter that is heavy enough to cause the orbital velocity of galaxies 
to be constant , regardless of the distance from galaxies' centers and the amount of visible 
matter within the galaxies. 
If Dark Matter does exist, it is very likely that it would follow new physics laws beyond 
the Standard Model of particle physics. One of the leading candidates of Dark Matter is 
called Weakly Interacting Massive Particles (WIMPs) (Jungman et al., 1996). WIMPs are 
stable, carry zero electric charge, and interact weakly with baryonic matter. One of the 
theories that attempts to explain Dark Matter beyond the Standard Model of physics is 
the theory of Supersymmetry. According to this theory, the lightest supersymmetric par-
ticle (LSP) is the Dark Matter particle and would interact with ordinary matter through 
extremely small interaction cross sections. In this model, the conserved quantum number 
(called R-parity) prevents such LSP particles from decaying into ordinary baryonic matter. 
T hey are therefore considered to be stable over the life of the Universe. 
5 
1. 2 General D et ection Method 
1.2.1 D etection Technique 
There are three way to look for Dark Matter. One is with a particle collider such as 
the LHC (Kane and Watson , 2008), which is expected to make new discoveries in part icle 
physics. Another detection method is 'indirect detection. ' Such experimental methods 
include the Alpha Magnet ic Spectrometer (AMS) project (Alcaraz et al., 1999). In an 
indirect detection method , the detectors are launched into outer space and look for \ i\TIMP 
annihilation products. The big challenge in such an experiment is t he separation of the 
Dark Matter signal from the large background that originates in astronomical events such 
as supernovae. Finally, t he method we ut ilize is called 'direct detection ' of Dark Matter 
(Gaitskell, 2004). This detection method relies on Dark Matter 's interaction with target 
nuclei through its extremely weak interaction rate. We attempt to detect the scattering of 
the target nucleus and energy deposited as it recoils from a collision event with an incoming 
Dark Matter particle. 
The expected mass of Dark Matter candidates varies from a few GeV to hundreds of 
GeV(Bertone et al., 2005) . In our experiment , we use a time projection chamber (TPC) 
filled with low pressure carbon tetrafluoride (CF4 ) gas. Typical WIMP-induced nuclear 
recoils in such a detector are expected to deposit energy of a few to 100 keV. Dark Matter 
interact ions with ordinary matter would occur through either axial (spin-dependent) or 
scalar (spin-independent) interactions (see Fig. 1.4). Through the spin-dependent interac-
tion with Dark Matter, a fluorine atom is considered to be the most sensitive candidate 
(Ahlen, 2010). The next most sensitive target would be Xe, followed by iodine and ger-
manium. It has been shown that an LSP Dark Matter candidate may have a fairly large 
cross section through the spin-dependent interaction (Moulin et al. , 2005; Gainer , 2010). 
As I will discuss later in Sec. 2.2, CF4 gas is known for its good scintillation efficiency, low 
transverse electron diffusion effect and is non-flammable and non-toxic; t hus, using fluorine 
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Figure 1.4: Expected cross sections calculated in non-MSSM model of (a ) spin-dependent 
and (b) spin-independent interactions on nucleon (Moulin et al. , 2005). 
as t he target gas for the direct detection is a great advantage. 
1.2.2 Daily / Seasonal Modulation 
In our direct detection method, we attempt not only to ident ify the energy deposited by 
Dark Matter induced nuclear recoils, but also the direction of t hose recoil particles. In a 
simple Dark Matter halo model, our Solar System rotates around the center of the Milky 
Way Galaxy with a velocity of approximately 220 km/ s within a spherical halo of Dark 
Matter . In this orbital motion, the direction of the Solar System is pointing towards the 
constellation Cygnus. Under the simple non-dissipative Dark Matter halo model, t he Dark 
Matter particles are expected to be distributed by the Maxwell-Boltzmann distribution 
(Navarro et al. , 1996; Ullio and Kamionkowski, 2001). From our reference frame on Earth, 
it seems as if our Solar System is moving through a sea of Dark Matter, due to the rota-
tional motion of the Solar System around the center of t he Milky Way Galaxy. Thus, the 
7 
WIMP Wind 
Figure 1.5: Illustration of an annual modulat ion. The Earth rotates around the Sun with 
the rotational inclination of roughly 60 degrees relative to the motion of the Solar System 
itself rotating around the center of the Milky Way Galaxy. 
direction of the Dark Matter flying towards us seems to originate from the direction of the 
constellation Cygnus. This is called Dark Matter wind. Because the Earth spins on its 
axis of rotation, the direction of Dark Matter wind changes continuously. This is called a 
daily modulation. In our experiment, we put emphasis on the directionality characteristics 
of Dark Matter wind due to the daily modulation effect. 
The Earth rotates around the Sun with an inclination of roughly 60 degrees relative to 
the plane of rotational motion of the Solar System around the center of the Milky Way 
Galaxy. When the vector of the Earth's motion line up with that of the Solar System, 
the net Earth rotational velocity with respect to t he rest of the Milky Way Galaxy reaches 
its maximum. This occur during summer time in the northern hemisphere (see Fig. 1.5) . 
Conversely. the total velocity reaches its minimum during t he winter, so the amplitude of 
the Earth ' total velocity relative to the galactic rest frame fluctuate up to a few percent 
throughout the entire year. This is called an annual modulation. If Cold Dark latter 
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Figure 1.6: The annual modulation measurement of Dark l\Iatter signals from 
DAMA/ LIBRA (Bernabei et al., 200 ) . 
is indeed distributed in the way mentioned above, the velocity of the Dark t\1atter par-
ticles flying towards us from the direction of the constellation Cygnus would fluctuate 
accordingly. Thus, the energy spectrum of Dark Matter induced nuclear recoils for the 
elastic scattering events would also fluctuate due to t he annual modulation (Drukier et al., 
19 6; Freese et al ., 1988) . DAMA/ LIBRA claims that they measured this Dark Matter 
induced annual modulation signal in their experiment (Bernabei et al., 200 ) . Their mea-
surement shows the annual modulation of the signal amplitude (see F ig. 1.6). However, 
their claim has not been broadly accepted. Because background particles such as neutrons 
would strongly mimic the elastic scatter of Dark Matter particles of target nuclei, t heir 
measurements are too ambiguous to argue convincingly t hat they have only recorded the 
Dark Matter signals. DAMA's result has also been excluded by other experiments such as 
XENON100 or CDMS (Aprile et al., 2010). 
In order to make a clean identification of Dark Matter particle collision event , one needs 
to employ a technique that neatly separate the actual Dark l\Iatter signals from back-
ground noise. The technique we u e is called a daily modulation ( ee Fig. 1.7). Due to 
the daily motion of the Earth, a detector on the Earth's surface would ob erve the direc-
tion of t he incident Dark Matter wind to shift accordingly. For example. for a detector 
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Figure 1. 7: Illustration of a daily modulation. Due to the change of the detector position 
over 12 hours, the direction of the Dark Matter wind hifts accordingly (Sciolla, 2009). 
placed in Boston , the Dark Matter wind direction change by roughly 96 degrees over 
12 hours. Thus, if one had the capability of detecting the direction of the Dark Matter 
wind, the direction of the resultant signal would shift by the same amount. Showing this 
result together with the energy spectrum due to the Dark Matter velocity would provide 
unambiguou evidence for the existence of Dark Matter. Although it is very important to 
identify background particles such as neutrons, only Dark Matter part icles would produce 
such a shift of t he incident direction presented by the daily modulation. The anticipated 
Dark Matter signal with directionality by the daily modulation is much more obvious than 
the data relying only on the seasonal modulation. Mere event rate comparison of forward 
and backward direction oriented Dark Matter signals gives roughly an order of magnitude 
difference (Spergel, 1988) . 
1.2.3 Other Capabilities of the Detector 
So far I have only mentioned the direct detection of an elastic collision of Dark Matter off 
the target nuclei. Recently, however , the possibility of Dark Matter inelastic collision have 
also been pointed out (Cui et al. , 2009; Chang et al., 2009). The basic assumption in this 
theory is that the Dark Matter particles would have both ground and excited states that 
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are separated by roughly 100 ke V. When the coherent inelastic scatter occurs, the Dark 
Matter particle gets shifted into its higher energy state. Because of the inelastic collision, a 
new particle, heavier than Dark Matter, will be formed and continue moving in the incident 
direction of the Dark Matter part icle. In t heir model of Dark Matter, with a Dark Matter 
particle mass of 250 GeV, Chang et al. estimated an expected count rate of 0.5 / kg/ day. 
Essentially any experiment with a direct detection method could be integrated into this 
technique. In our experiment, the use of Xe gas would be ideal for this method because the 
expected Dark Matter mass is rather close to that of the target Xe atoms. Furthermore, 
no changes would have to be made to our detector in order to search for inelastic collisions; 
we would simply switch the target gas from CF4 to Xe. Because Xe is very heavy, it would 
not be too difficult to reach a high target mass with our TPC detector. Although very 
preliminary, I will show the first study of our prototype Dark Matter detector with Xe gas 
later in this dissertation (see Chap. 5) . 
As mentioned earlier, among all the backgrounds in Dark Matter detection, neutron-
induced nuclear recoils are the worst because they mimic those from Dark Matter. In 
Dark Matter experiments, it is very important to shield the detector actively and/ or pas-
sively from the neutron background. One effective method to achieve this goal is to place 
the detector deep in a mine so that one can minimize the effect of t he cosmic ray back-
ground. In this disser tation , I will discuss and quantify our detector 's background neutron 
measurements capability, which is necessary for the DMTPC Dark Nlatter experiment . 
Chapter 2 
DMTPC Detection Method 
2.1 Fundamental D etector Concept 
The DMTPC (Dark Matter Time Projection Chamber) collaboration involves physicists 
from Boston University, Brandeis University and Massachusetts Institute of Technology. 
The basic idea of the DMTPC detector concept is shown in Fig. 2.1. The main component 
of the detector are the anode plate, grid mesh, cathode mesh and field cage rings. Po itive 
high voltage is applied onto the anode, whereas the grid mesh is held at ground (potential); 
thus, a very intense electric field is created between the two. Inside the detector is filled 
with low pressure CF4 gas. 
When a Dark 1\Iatter particle collides with a fluorine nucleus in the detector, it transfer 
some energy and momentum to the fluorine recoil with typical energies on the order of a 
few tens of keV. In the inelastic Dark Matter model, the target gas would be Xe. For a neu-
tron detector, it works exactly the same except that most of the elastic scattering event 
occur off target helium atoms of an added 4He gas because of 4He' large cross section 
with neutrons. In a low pressure TPC at 40 torr CF4 gas, a Dark Matter-induced fluorine 
recoil results in a length on the order of a couple of millimeters. When an incident Dark 
Matter particle collides with a fluorine nucleus, the nucleus is liberated and recoils with 










through the gas, it loses energy by ionizing other atoms and molecules along its path. CF4 
has a W value of 54 eV, so the t raveling ion loses kinetic energy by an average of 54 eV at 
each ionization event along the path. The cathode mesh is kept at negative high voltage so 
that the ionization electrons will travel towards the grounded grid mesh and into the ampli-
ficat ion region. When they reach t he amplification region, which has a much more intense 
electric field than the drift region, those ionization electrons mult iply (electron cascade) 
with a typical gain of 104 to 105 . These so-called 'avalanche· electrons excite ions of CF 4 
and cause scintillation of red light to occur (Pansky et al., 1995; Fraga et al., 2003). The 
photons emitted from this event t ravel towards the charge-coupled device camera (CCD 
camera) and photo multiplier tube (PMT) and will be captured as a light signal by those 
devices. The lens attached to the CCD camera is set to focus on the amplification region 
so that t he 2D particle track projection onto the amplification region will be captured as 
data by the CCD camera. Although it depends on what type of particle is being measured, 
a typical charged particle in our experiment with an energy less than the order of MeV 
will travel only on the order of nanoseconds or less before it come to rest. This is short 
compared to the drift time of the electrons as they move toward the anode. When the 
first light signal above the threshold from either head or tail of the moving particle hits the 
PMT. it triggers both the CCD and PMT to start recording the information. The camera's 
minimum exposure time achievable is at least a factor of 100 greater than the actual time 
of particle motion; thus, there is no ambiguity about whether t he particle is fully or only 
partially contained within t he CCD image as long as the t rack occurred within the cam-
era's view. Because the PMT is a fast device, it has no problem obtaining an unambiguous 
signal from the drifting electrons in the detector. Depending on the vertical component of 
the travelling particle, PUT signals can come in various shapes over time. but they will 
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Figure 2.2: (a ) Pure CF4 spectrum measured by A. Kaboth of DMTPC collaboration 
(Kaboth et al., 2008). (b ) Spectrum of gas mixture 4 He + 40 % CF4 (Fraga et a.l., 2003). 
2.2 CF4 Gas 
For our Dark Matter TPC experiment with optical readout CF4 is an ideal gas for multiple 
reasons. First, fluorine is one of the most sensitive particles to spin-dependent interactions 
with a Dark Matter particle. It is crucial, however, to use this detector gas at a low pressure 
so that the fluorine tracks will be long enough to measure. CF4 gas is non-flammable and 
non-toxic, and it is known for its good scintillation efficiency in the red region , and for its 
low transverse diffusion of the drifting electrons (Christophorou et al., 1996) . Fig. 2.2 illus-
trates the spectrum of pure CF4 gas and its mixture with 4He gas. What we can learn from 
them is that the CF4 gas dominates in the scintillation characteristics at the red optical 
region. Many CCD cameras have their highest quantum efficiency at the red region; thus. 
the use of CF4 gas is very advantageous in our optical-readout technique. The DMTPC has 
measured the photon per electron ratio in the electron avalanches in a pure CF4 gas, us-
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Figure 2.3: A linear fit to the number of photons vs. number of electrons from the electron 
avalanche in the detector's electron amplification region (Kaboth et al., 2008) . 
The number of photons acquired from a single fluorine recoil may be approximated in the 
following equat ion. For t his estimation, I assume all the parameters as explained below. 
K recoil (recoil fluorine energy) = 30 keV 
W cF
4 
(average energy to produce electron-ion pair in CF4 gas= 54 keV 
Ge (gas electron gain) = 105 
Effe-+r (scintilla tion efficiency) = 0.34 
S tens (lens surface area- assume use of Canon 85 mm f/ 1.2 lens) = 47 
D (lens-to-anode distance in em) = 35 
T tens (lens transmittance in the red region) = 0.85 
T window (glass window t ransmittance in the red region) = 0.9 
QE (quantum efficiency of the Apogee U6 camera) = 0.65 
T grid (grid mesh spatial transmission) = 0.8 
Tcathode (cathode mesh spatial t ransmission) = 0.8 
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In this simple model, it is suggested that we would acquire 9,200 photons from a 30 keV 
fluorine recoil induced by the collision with a Dark Matter part icle. The combination of 
t he Canon 85 mm lens and Apogee Alta U6 camera is being u ed as a part of our Dl\ITPC 
detector in t he WTPP (Waste Isolation Pilot Plant) mine in Carlsbad, ew Mexico for 
t he initial background study. In a typical setup, each CCD pixel maps about 300 J.Lm by 
300 p,m of real space. and a 30 keV recoil would be distributed over about 10 pixels, so 
each pixel will contain an average of 920 photoelectrons. The Alta U6 camera has a typical 
RlviS readout noise of 8 electrons; thus, the typical signal-to-noise ratio of uch a detector 
would be as large as 115. 
In our standard data taking, we employ a pressure of 40 torr for the CF4 gas in the detec-
tor. This is a low enough pressure that typical Dark Matter-induced fluorine recoils with 
energies of the order of tens of keV will t ravel for a couple of millimeters. This enables us 
to observe the recoil track with directionality. An even lower pressure would work better 
in terms of the ratio of particle track length vs. track width after some transverse elec-
tron diffusion; however , when the pressure of CF4 ga becomes too low, we begin to face 
discharge problems in our high voltage amplification system before reaching enough gain 
in this region. Unfortunately, not much is known about the electric discharge mechanism, 
especially with the specific gas mixture and pressure settings we are interested in using 
with CF4 gas. After some trial-and-error , we have come to the conclusion that 40 torr of 
CF4 gas pressure is the optimum combination and has become our standard data-taking 
mode for the TPC chamber. It is also hard to get large detector mass with very low pressure. 
Our detector relies on the scintillation light that occurs from the drift and cascade electrons 
excit ing the CF4 gas molecule ions. When a charged recoil particle t ravel through uch a 
gas detector, it continuously loses its energy along its path by ionizing the gas atoms and 
molecules. However, it does so at different rates along its trajectory (see Fig. 2.4). When 
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the energy of the recoil particle is greater than the so-called 'Bragg peak' energy, its rate of 
energy loss increases as it loses energy. When it reaches the Bragg peak energy, where the 
particle is losing the greatest amount of energy per unit distance travelled , the ionization, 
as well as subsequent light collected, is at its greatest value. If the particle starts with 
energy less than the Bragg peak energy, the energy loss per unit distance travelled, and 
light collected along the path, will decrease along the path. With the knowledge of this 
light distribution along the path length for either situation, we can identify the direct ion 
of moving particles, which we call a "head-tail" effect (Dujmic et al., 2008). 
After the ionization event in the TPC, the ionization electrons start traveling against the 
direction of the drift electric field created in the field cage. During this drifting motion, 
each electron makes copious numbers of collisions with the electrons of the gas molecules. 
This causes the trajectory of each electron to be not straight; thus, the electrons are mov-
ing towards the amplification region taking random paths. In effect, when the stream of 
electrons from the initial part icle ionization track reach the amplification region for the 
scintillation, the measured transverse width of the particle track becomes much wider than 
what it really is. This is called electron diffusion, and it is related in a non-linear fashion 
with how far the electrons have drifted , what the pressure of the gas is, and the strength 
of the drift electric field (Christophorou et al., 1996; Ahlen, 2010). The amount of electron 
diffusion can be described in the following equation. 
a diffusion = n. J2 £ ~ 
Z: electron drift distance 
N: number density of molecules 
D: transverse electron diffusion constant 
f.Le: electron rna bili ty 
E: drift .electric field 
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Figure 2.4: An a: particle travelling from left to right through the gas mixture of 40 torr 
CF 4 and 600 torr 4 He. The black histogram represents t he actual data from the above 
CCD image, which shows the great agreement with the SRIM Monte Carlo simulation 
(The Stopping and Range of Ions in Matter) of the stopping power (red markers). T hree 
locations where the particle track is being cut are due to t he 530 ~-tm fishing wires as spacers 
between the anode and grid . T he energy of t he a: particle is about 4.8 MeV, and at such a 
low energy, the stopping power can be approximated by t he Bethe-Bloch formula presented 
in the above plot. 
Figure 2.5: The rate of electron diffusion coefficient over the electron mobility as a function 
of t he drift electric field applied over the number density of CF4 gas (Christophorou et al., 
1996) . 
Fig. 2.5 shows the relationship between the amount of electron diffusion coefficient and 
the drift electric field applied in CF4 gas. Our MIT collaborators have carried out an 
experiment measuring the electron diffusion relative to the applied drift electric field in the 
pure CF4 gas detector. In t llis setup , five 
241 Am a sources were placed in t he electron drift 
region in such a way that each of the electron drift length would be 2 em, 5 em, 10 em, 
13 em, and 17 em in pure 75 torr of CF4 gas in the detector (see Fig. 2.6) . T he red markers 
in Fig. 2.7(b) are from our own data (see Fig. 2.7(a)), and one can see how closely our data 
matches the expected value. Backed up by this result , the best setting of drift electric field 
t hat minimizes the electron diffusion in 40 torr of CF4 gas is 125 V / em. Because there 
is a limit to how low one can decrease t he particle tracks' diffusion values, it is crucial to 
keep the recoil track length long enough for us to be able to t ell the direction of the path. 
Sinlilarly, this also means t here is a maximum limit of the drift lengt h that we can use 
in our detector. The problem of the electron diffusion is not confined to establishing the 
particle tracks ' direction of motion . When diffusion occurs, the light level of the edge of 
the particle t racks captured in the CCD image goes below the typical thermal and readout 
noise level of t he CCD. If the drift distance is large, the energy and length of the particle 
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ADU 
Figure 2.6: The transverse electron diffusion is measured along the two black lines in the 
figure, which represent a 1.2 mm wide region of interest (Caldwell et al.. 2009). 
track observed and analyzed become smaller than what they really are. and it will lower 
the energy and spatial resolution of t he detector. 
2.3 Neutron Detection 
As I already mentioned at the beginning of this dissertation, neutrons are the greatest 
background for this type of direct detection Dark Matter detector. In order to understand 
our detector well. we must fully comprehend how neutrons interact in our detector. Dur-
ing our re earch, we have come to realize that our Dark Matter detection method can al o 
be utilized to detect neutrons with great efficiency and a good sense of directionality. Al-
though pure CF4 gas is the best choice for our Dark Matter experiment, this is not the case 
for a neutron detector. eutrons have a greater cro s section with helium. For this type 
of detector, helium gas, being inert and stable, is among the best target gase for mixing 
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Figure 2.7: (a ) A linear fit to O'diffusion2 as a function of the drift di tance. (b ) DMTPC 
data compari on to others (Caldwell et al ., 2009). 
with CF4 gas. Thus, 4He gas is the most suitable for fast neut ron detection because of its 
large cross section (see Fig. 2. ) and low mass, which enables it to ab orb large energy in 
neutron collisions. 3He would be the most suitable in detecting thermal neutrons due to 
its enormous cross section in the thermal neutron ab orption event (see Fig. 2.9), but it 
is quite expensive . In the mixture of either 3He or 4 He gas, we still use 40 torr of CF4 gas 
as our standard setup because helium gas by itself does not scintillate strongly enough in 
the spectrum region to enable u to take a good measurement, but helium gas serves as a 
neutron capturing medium because of its large cross section with neutrons. 
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Figure 2.8: Elastic neutron scattering cross sections of carbon, fluorine, and 4He (National 
Tuclear Data Center , Brookhaven National Laboratory) . 
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Figure 2.9: Elastic neutron scattering cross sections of carbon, fluorine, and 3He, in com-
parison to the much larger 3He absorption cross section (black solid line) ( Tational uclear 
Data Center , Brookhaven National Laboratory) . 
Chapter 3 
DMTPC Detector 
3.1 D etector Introduct ion 
Historically in experimental particle physics, optical measurements of part icle tracks have 
been employed. Bubble chambers and cloud gas chambers are examples. Now, thanks to 
the development of technology, CCD camera images are suitable for detecting and analyz-
ing nuclear recoils and their directionality. This is because the grid of pixels that makes 
up the CCD collect s light in a linear fashion , and has an extremely high spatial resolution 
on the order of hundreds of micrometers per pixel. Another essential advantage of using a 
CCD camera as the image readout device is its superior quantum efficiency. 
Typical CCD chips have quantum efficiencies higher t han 60 % in the optical region. Our 
most up-to-date detector prototype, which I will d iscuss in more detail later , has a quan-
tum efficiency of greater t han 90 % with red light. When the camera is triggered either 
internally or externally, t he optical image transmitted by photons is saved into each CCD 
grid as an electrical charge in the CCD's elect rical potential well. Once it reaches the set 
exposure time, a CCD starts reading out t hose electrical charges row by row and column 
by column, resulting in the mapping image of light intensity. There are, roughly speaking, 
two types of shuttering mechanisms in CCD cameras; one is called nonframe-t ransfer, and 
the other frame-transfer CCDs. Nonframe-t ransfer CCDs are usually equipped with me-
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chanical shutters. Those shutters open when the camera receives an open exposure signal, 
and mechanically close after the et exposure time is spent. The advantage of such cameras 
is that once the shutter is closed, there is no more light entering the light sensing area of 
the CCD chip. However , due to the shutter speed, one usually cannot set a very small 
exposure time. Frame-t ransfer CCDs, on the other hand, can be set to an extremely small 
exposure time. Unfortunately, because there is no mechanical shutter to prevent light from 
entering the light sensitive area during the data readout period, thi leads to a possible 
misidentification of particle location by one pixel row or more if there are more than two 
particle tracks recorded in a single image file. This is because one track triggers the camera 
and others may happen during the data readout time. 
Although the use of a CCD camera is very suitable for particle detection based on its 
optical detection technique, the 2D nature of the image retrieved from a CCD makes it 
difficult to distinguish the vertical component of the travelling particle moving through the 
gas chamber from this information alone. In other words. when a particle with a given 
energy moves more vertically through the chamber, with a CCD image alone, it is difficult 
or impossible to distinguish it from a particle with more energy that i moving in a less 
vertical direction (see Fig. 3.1). In order to compensate for this disadvantage, we read the 
PMT signal for each event in addition to the optical CCD track image. Signals captured 
by a PMT are very useful in determining the timing of the interaction and duration of the 
drifting electrons. The typical time scale of these events is on the order of microseconds or 
less. Using this PMT information along with t he corresponding CCD particle track image 
successfully, we can recreate the three-dimensional information of each recoil track. 
Another important use of the PMT is to exploit it as a trigger for the entire system. Be-
cause PMT signals can be read and analyzed in a trigger mode with high speed (rvlO ns) 
compared to the CCD readout ('""' 10 m ), it is convenient to u e the PiviT to trigger the 
CCD camera, as well as a waveform digitizer, to record the pulse shape obtained by the 
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(a) (b) 
Figure 3.1: Comparison of particle tracks (a ) horizontally moving and (b ) vertically mov-
ing. Particle from both image how a combination of proton and triton tracks due to a 
thermal neutron capture event of 3He. 
same or other PMTs as described in Fig. 3.2. This setup has the added benefit of allowing 
the camera to continually flush and clean its pixel information until the trigger pulse is 
received , thereby minimizing the thermal noise in each CCD image. This combination 
system has been selected among other experimental setups of the camera and Pl\ITs due 
to the maximization of a frame rate, the speed of events recording, and the quality of data. 
In addition to particle interactions due to elastic collisions, another important application 
of our device, especially as a neutron detector, is the measurement of inelastic collisions. 
When a high energ-y cosmic ray or fissile neutron collides with the nucleus of a detector 
gas atom and transfers enough energy into the nucleu , it can cause the atom to split into 
two or more lighter ions. We can capture thi kind of event in a very robust way with 
the help of the PMT pulse information, as well a the CCD"s optical images. This lets u 
measure the inelastic collision cross section and the flux of high energy cosmic ray neutrons. 
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Figure 3.2: Schematics of a typical triggering/data-taking system. 
3.2 First R &D Wire Chamber at MIT 
I joined the DMTPC collaboration in the summer of 2006, by which time, a large part of 
the conceptual work and the basics of this detection method had already been developed. 
However, our first R&D Dark Matter experiment te t chamber was extremely primitive 
compared to what we have now. It was equipped with only a small CCD camera with a 
view of 1 em by 1.5 em and, in order to achieve good spatial resolution and light collection, 
a typical drift length on the order of centimeters. Instead of the current mesh system, we 
were experimenting on a metallic 'wire' system. 
Our first R&D vacuum chamber was a custom made LACO tech chamber with the capa-
bility of reaching millitorr range in vacuum after one day of pumping out with a turbo 
molecular pump (see Fig. 3.3) . Inside the chamber was our very first hand-stretched wire 
amplification region. T wo types of wire planes were made. with a 25 J.Lm and 100 J.Lm 
diameter respectively. The wires were installed with 5 mm spacing onto the 10 em by 
10 em opening of a G-10 board. Initially, the gap distance in the amplification region, 
applied voltage, and the gas pressure of the chamber were varied for t he tests based on 
the electric field simulation o that we could get enough gain. But it was important not to 
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Figure 3.3: Our first R&D Time Projection Chamber from LACO technology in MIT. The 
10 em by 10 em wire planes (anode and grid) can be seen through the cathode mesh in the 
middle. A CCD camera was attached to the top of the chamber, looking down into the 





• 0 35 
::: ;' 0.3 
5 <; 0 25 
~ E 02 
.g to; 0 15 .,, 
.&:· 01 
005 
KAF-0401 Spectral Response 
400 500 600 700 600 900 1 000 
Wavelength (nm) 
28 
Figure 3.4: Quantum efficiency curve for the Kodak KAF-0401 CCD chip (Eastman Kodak 
Company). 
apply too high an electric field- otherwise, we would end up with frequent sparking events. 
Our first CCD camera for this R&D was a simple and inexpensive one from Finger Lake 
Instrumentation, which cost about $2,000. It was equipped with Kodak KAF-0401 CCD 
chip with 768 by 512 numbers of pixels. The size of each pixel was 9 J.Lffi by 9 J.Lm, and t he 
CCD camera was capable of cooling down the chip to negative 20°C in room temperature. 
Although the CCD chips were made specifically for the red region, the actual quantum 
efficiency was only 35% (see Fig. 3.4). 
A regular 55 mm Sears photographic lens was attached to the CCD camera. An 241 Am 
a source was extracted from a generic smoke detector and placed so that the a particles 
traveled directly across the drift region. Although the basic theory of the scint illation 
mechanism had already been established, we had not been successful capturing the actual 
ion track from an 241 Am a particle source. After a series of trials, we succeeded in captur-
ing our first a particle track in an optical image, proving t hat our technique works. During 
this time, we learned that the cleanliness inside the chamber was essential for maintaining 
gas quali ty, and we minimized the possible leakage in the vacuum chamber and discovered 
the significance of pumping out the chamber for a long period of t ime. When a vacuum 
29 
----------------------- Cathcu ::-.I~J.h : .;,:·y 
----------------------- G!Gnc?la t~ (C 
Figure 3.5: Schematics of our first TPC system. The electron drift region was only on 
the order of a couple centimeters with no field-shaping device. In order to avoid sparks, 
we started with fairly large amplification gap on the order of several millimeters at the 
sacrifice of the electron gain. 
chamber is pumped down to low pressure, the impurities, mainly water, start coming out 
of the surface of the chamber and cause the detector gas inside to degrade. This is called 
outgassing. One can never achieve zero outgassing level; however, by pumping out for a 
long time or using the right material, the gas impurity level in the vacuum chamber was 
sufficiently low to allow data taking. Fig. 3.5 is the schematic of our very first R&D TPC 
system. The ground plate at bottom in t he figure is no longer in use in our TPC system. 
The dimensional specifications of the successful TPC prototype were as follows: anode 
frame was made with 100 J..Lm diameter wires at 5 mm of spacing, grid (ground) wires were 
made with 25 J..Lm diameter wires at 2 mm of spacing to each other, and the cathode was 
made with mesh of 25 J..Lm stainless steel wires at 250 J..Lm pitch because there was very li t tle 
difficulty in using mesh for the cathode; imperfection in stretching the mesh does not affect 
the integrity of the system. For this test, we used -1 kV for the cathode and +2.25 kV for 
the anode. The locations of the devices are shown in Fig. 3.5. The chamber was filled with 
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Figure 3.6: One of our very first optical images of an ion (a particle) travelling through 
low-pressure CF4 gas, and the scintillation due to the electron cascade captured by our 
CCD device. The a particle starts from the top-right of the view to the bottom-left. Only 
a partial track is captured within the image because of the small field of view. 
CF4 gas at 37 torr, which is in t he range of gas pressure we are interested in the search for 
Dark Matter. Due to the limited quality of the CCD camera and gain available from our 
very first TPC amplification system, we had to place the lens as close to the amplification 
region as possible on the other side of the viewing port , so the actual viewing size was very 
small. Fig. 3.6 is the first image of an a particle track captured in our R&D prototype 
chamber, where the a particle was moving from right top to left bottom in the view. The 
CF4 gas purity level was essential for t his successful optical measurement of the a particle 
tracks. 
In Fig. 3.6, the actual size in scale is 2.5 em horizontally and 1. 7 em vertically, and an 
electron multiplicat ion gain reached on the order of 104 . However, in order to have an ac-
ceptable signal-to-noise ratio and capture clear images, software binning was necessary. A 
software binning is a method of combining neighboring multiple pixel information together 
in order to reach a higher gain at t he sacrifice of spatial resolution. In this image, the 
actual image superpixel size was approximately 200 f.Lm by 200 J.tm. In order to include 
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as many scintillation spots as possible, I rotated the CCD camera to an angle relative to 
the direction of the anode wires. In Fig. 3.6, t he 241 Am a source was placed in such a way 
that the a particle traveled transverse to the direction of the anode wires. As mentioned 
earlier, the spacing of the anode wires was kept at 5 mm, so the distance between each 
scintillation spot in Fig. 3.6 was 5 mm. 
When an a particle moved through gas inside the experimental chamber, it ionized the 
atoms along its path. If the particle traveled parallel to the direction of the wires, the 
ionization electrons scintillated along the wire, which was the path of the moving particle. 
On the other hand , if the particle moved perpendicular to the direction of the wires, it 
would leave pin points of the scintillation as shown in Fig. 3.6. Although the wire chamber 
worked beautifully, the spatial resolution of particle tracks was relatively poor. Also, the 
variation in wire spacing caused variations in gain; thus, it was very difficult to achieve 
good energy resolution. FUrthermore, we did not have much knowledge about the purity 
of gas in the chamber at that point. However, we successfully captured signals from a par-
ticles optically. This proved that the fundamentals of our detection concept and method 
would work rather beautifully due to the robustness and simplicity of the detector, and 
the optical particle image readout by a CCD camera. 
After the first uccess of capturing the a particle track images with this wire chamber, we 
made an attempt to make a mesh anode plane. The basics of the design were the same, 
but with the mesh plane we could achieve much higher spatial resolution. This attempt 
turned out to be very challenging because we had no organized method of stretching out 
a mesh plane with equal tension in all directions. In order for the mesh plane to work, 
the gap distance in the amplification region had to be extremely small; otherwise, the cas-
cade electrons would be spread out in much greater area compared to the wire chamber's 
case, resulting in the lower electron gain per unit area. In order to overcome this problem 
and decrease the amplification distance gap, it was nece ary to stretch out the me h very 
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uniformly with greater tension. And at this point, we did not have a good method or 
knowledge of doing so. Thus, in parallel to continuing working on a mesh plane develop-
ment, we pursued the wire plane readout method. 
3.3 Prototype Dark Matter Detector at Boston University 
3.3.1 First Wire Chamber Components 
After our first success in proving the basics of our TPC detection mechanism, we began 
building our first prototype detector at Boston University (see Fig. 3.7). Our first task was 
to build what we had at l'vllT, but with improvement in quality and design. One example 
of the material selection was seeking out material with a low outgassing quality. In order to 
minimize outgassing of water vapor, the inner surface of the vacuum chamber from Kurt 
J. Lesker, Co. was electropolished. The T P C components were made out of aluminum 
or stainless steel plates as much as possible, and the wires were glued directly onto the 
aluminum frames with an inner opening of 20 em by 20 em with a thickness of 1.6 mm ( ee 
Fig. 3.8). We glued the wires onto the frame with 3M's DP460EG low outgassing epoxy. 
This epoxy cures at room temperature over 24 hours and has sufficient trength to hold 
the wire in place. The wires were professionally stretched at Brookhaven National Lab 
(B IL) and glued onto an aluminum transfer frame of 4 ., by 52"" (see Fig. 3.9). The frame 
and wires were returned to Boston University so that we could transfer the wires directly 
onto our own aluminum TPC frames (see Fig. 3. ). We had learned from our very first 
MIT R&D chamber about the importance of uniformity in spacing and tensioning of the 
wires, a uniformity which cannot be achieved by hand. With the wire winding machine at 
B IL, we had the wires stretched to a uniform tension of 100 g with a uniform spacing of 
2.5 mm. For this operation, we used two different wires with different diameters; 50 J.Lm 
gold-plated rhenium wire and 30 J.Lm gold-plated tungsten wire. With 100 g of tension, the 
natural sagging of the wire within the aluminum TPC frame due to gravity is minimal, 
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less than 2 J.lm for theRe-Au wire, and less than 1 J.lm for theW-Au wire. The breaking 
stress of the above wires is 600 g for the Re-Au wire and 200 g for the W-Au wire. In 
the amplification region, the electric field increases dramatically near the surface of the 
wire with a rate of inverse radius squared. We estimated that the electric field of greater 
than 106 v / m was required to have enough gain to view particle tracks. However, if the 
electric field becomes too great, the intense electric field is prone to the discharge problem. 
Any surface defect of the wires could cause the charges on the anode wires to find a path 
through gas onto the ground wires as a spark event. Thus, we had to be extremely careful 
and knowledgeable about the surface condition of the wires . 
In a new design for t he BU prototype experimental chamber, we employed the 50 J.lm 
diameter Re-Au wire with 7.5 mm spacing for the anode plane so that each wire would 
have enough gain but at t he sacrifice of spatial resolution. Then the gap distance of the 
anode and grid (amplificat ion region) was kept at 5 mm with the choice of theW-Au wires 
at 2.5 mm of wire pitches as the grid plane. We also used another W-Au wire plane as 
cathode, which was 25 mm away from the grid, creating 1 liter of sensitive volume. The 
wires of both grid and cathode planes were left with the spacing of 2.5 mm. In order to 
double the fiducial volume of the detector, we placed both grid and cathode layers on both 
sides with the anode layer in the middle just like the mirror image of the sensitive region 
on both sides of the anode plane (see Fig. 3.10). 
The first CCD camera for this Boston University prototype chamber was an Apogee U2ME, 
which was equipped with a Kodak KAF-1603ME chip of 1536 by 1024 pixels with the size 
of 9 J..lffi by 9 J.lm. Each CCD pixel was also specially customized with micro lenses over 
the chip itself to enhance the light collection efficiency. By this, the quantum efficiency of 
the chip became nearly 80 % in the red region which we are interested in (see Fig. 3.ll(a)). 
Initially a Schneider Xenon 0.95/ 17 lens was used to view the ent ire section of the am-
plification region, but later we also tested a Schneider 0.95/ 25 lens in order to be able to 
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Figure 3.7: BU prototype TPC equipped with a CCD (bottom) and PMT (side) . We use 
an Adixen Drytel 1025 pump (ATH 31+ turbomolecular pump and a AMD 1 roughout 
pump) to minimize any possible impurity introduced back into the chamber. This pump 
uses no lubrication in its parts. 
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(a) (b) 
Figure 3.8: The BNL wires have been transferred to the aluminum frames of 20 em by 
20 em openings. 
(a) (b) 
Figure 3.9: Stretched 50 f..Lm and 30 f..Lm wires attached to the transfer frame made at BNL. 
They used a special wire-winding machine made for the ATLAS experiment . 
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Figure 3.10: Schematic of the BU prototype R&D Dark t\Iatter detector wire system. 
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collect more light. The CCD camera is attached to the prototype chamber in such a way 
that the distance between the anode plane and CCD mounting surface is 309 mm. With 
the Schneider 17 mm lens attached to the CCD in the above setting, the spatial resolution 
of the image is 100 J..Lm per pixel. This is a very good re olution con idering the length of 
typical nuclear recoil expected to be on the order of millimeters, although it turned out 
the gain was not very good so that we had to use a software binning of the CCD image 
pixels, and it was feasible because of the initial good spatial resolution of our detector. 
Another new attempt we made on this prototype chamber i the use of a PMT in order to 
measure the timing of the particle t racks, which would enable us to obtain vertical infor-
mation on each t rack. All the particle tracks captured by a CCD camera are 2D images 
projected onto t he anode plane. Thus. it is not pos ible to identify if any particular par-
tid e track has a vertical inclination or not. The PMT we used initially was Hamamatsu 
Hl161-50. This PMT has quantum efficiency of roughly 5 % at the red region which is 
typical from CF4 scintillation (see Fig. 3.1l (b)) . With the initial deign of the experimen-
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Figure 3.11: (a ) Quantum efficiency curve for the Kodak KAF-16031\IE CCD chip (East-
man Kodak Company). (b ) Quantum efficiency of Hamamatsu H1161 PMT (Kaboth et al. , 
2008). 
tal chamber, there was no space to squeeze in this PMT next to the CCD camera on the 
other side of the viewing port. So we had to design a separate light path bent 90° onto 
another viewing port that was attached to the upper half of the experimental chamber 
(see Fig. 3.12(a)). The path bending mirror used for this operation is Edmund Optics 
NT47-110 (see Fig. 3.12(b)), with the surface plated with gold for superior efficiency of 
optical reflect ion and stability of surface quality in the CF4 gas . The PMT was installed 
so that the sensitive area of the PMT comes to the focal point of the mirror. 
Although this attempt of the dual readout system was successful (see Fig. 3.13) , in that 
we could prove our basic idea of dual readout by CCD and PMT, we found it difficult 
to identify how much light from each track was actually being captured by the PMT de-
pending on their location. The pressure of CF4 gas in experiments at this point was set 
to 0 torr, which kept a good balance between enough track length and a low spark rate. 












Figure 3.12: (a ) Schematics of the BU prototype TPC (Wellenstein and Dushkin). The 
Hamamatsu PMT was attached to the side window of the upper chamber, where the 
Apogee Alta U2ME CCD was attached to the bottom of the chamber, looking up towards 
the amplification region (see Fig. 3.7). (b) The wire-frame system and the mirror for PMT 
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Figure 3.13: Example of an a track in 80 torr CF4 gas travelling perpendicular to the anode 
wires. The images captured by (a ) Apogee Alta U2ME, and (b ) Hamarnatsu H1161-50 
PMT. The CCD image·s field of view is 15 em by 10 em. Each scintillation spot is eparated 
by 7.5 mm to each other due to the anode wire spacing. The a ource was placed at 8 em 
below the image, aiming towards the top of the figure. The CCD captured only part of 
the a track, where the Pl\IT captured the whole track's scintillation event. 
It is in general more advantageous to increase the pressure in order to achieve higher gain 
by applying higher voltage onto the anode. However , as mentioned earlier, increasing the 
ga pressure reduces the tracks length-vs.-width ratio, thus compromising the detector's 
directional sensitivity as a Dark Matter detector. Finding a good balance between the 
applied anode voltage and the detector gas pressure was without doubt one of the most 
challenging issues we had to overcome during the development of the detector. 
The next step for improving the BU prototype Dark Matter detector was the introduction 
of the electron field cage in the drift region (see Fig. 3.14). In order to increase the sen-
sitive volume, one has to move back the cathode mesh without hurting the uniformity of 
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the drift electric field. Since our first success at capturing the particle tracks in the pro-
totype chamber, we have been studying and designing a field cage that will keep the drift 
electric field uniform inside and will not distort the particle tracks captured away from the 
amplification region. Considering the location of the PMT window and t he dimension and 
distance between the CCD and amplification region, we designed a field cage of 20 em in 
height, with field shaping rings spaced by 1 em of spacing from each other. By installing 
the field-shaping cage, the sensitive volume of this chamber has now increased to liters. 
On top of that, this enabled us to tart learning about the transverse diffusion problem of 
particle tracks in a long electron drift distance that we must overcome in order to achieve 
our goal of identifying Dark Matter-induced nuclear recoils. The voltage of each field cage 
ring were et with a long resi tive voltage divider chain. Since each resistor in the chain 
was 1 MO, the voltage dropped uniformly between cathode and ground. 
3.3.2 Improvement to Mesh Chamber 
At this point, we had come to realize the limit of using wire frames as the anode and grid 
planes. Although it was very successful in capturing the image of the ion trajectory and 
demonstrating the feasibility of our technique, to learn more about the energy and length 
of the particle tracks captured by a CCD, we needed to improve the patial resolution of 
the image. At the end of 2007, Denis Dujmic, our collaborator from 1\IIT, succeeded in 
stretching the mesh evenly so that we could start using the mesh plane (see Fig. 3.15) 
instead of the wire plane that we had been working with. This improved the spatial re o-
lution of the particle t racks dramatically but with some loss of light level per pixel becau e 
the particle tracks' scintillation was scattered more to additional pixel locations. The me h 
used in this construction is made with 80 % t ransparent stainless steel of 25 J.Lm wires at 
250 J.Lm pitch. A regular fluorocarbon fishing wire with diameter of 538 J.Lm at a spacing 
of 2 em was used to separate the grid mesh plane from the copper anode plane which was 
plated on the surface of a regular G-10 board. The same mesh was u ed to construct a 
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Figure 3.14: 20 em long field-shaping cage for the electron drift region. Each ring is made 
out of SS304 with thickness of 1.6 mm, and inner diameter of 30 em. A regular acrylic was 
used for spacers placed between the field cage rings. Four spacers, let 90° apart, were u ed 
per layer. 
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Figure 3.15: The amplification region with a copper anode plate and SS304 grid mesh. 
The white lines in the view are the fluorocarbon fishing lines as spacers. The diameter of 
the copper anode is 2 6 mm. 
cathode mesh for the detector (see Fig. 3.16). 
This was also when we temporarily switched t he CCD camera to an Apogee Alta U6. Our 
goal was to achieve a higher signal-to-noise ratio so that we could back up the camera 
and thereby increase t he sensitive volume of the detector. Initially, we were told that soft-
ware binning of the CCD was more advantageous for reaching a higher signal-to-noise ratio 
rather than using t he CCD chip with physically bigger pixel sizes. According to our tests, 
however, the opposite t urned out to be true, and we thus started using the U6 camera 
with greater pixel size. The Apogee Alta U6 was equipped with Kodak KAF-1001E CCD 
chips of 1024 by 1024 pixels. Each pixel size was 24 J.Lm by 24 J.Lm, which was significantly 
greater than the U2ME camera that we had used previously. On this new camera, the 
quantum efficiency in the red part of the spectrum was slight ly lower than what the Alta 
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Figure 3.16: Schneider Xenon lens looking up at the amplification region and field cage 
rings through the cathode mesh. 
U2ME camera offered (see Fig. 3.17); however, we switched the lens to a ikon 55 mm 
f/ 1.2 lens which increased the light collection and let us observe the particle tracks with 
this new mesh anode system . Achieving a good signal-to-noise ratio with the new mesh 
amplification system was still developing and very difficult with the 20 em drift field cage. 
Thus, we had to reduce the maximum electron drift length to 10 em temporarily o t hat 
the Nikon lens would provide enough light for our data analysis. Thi mean , by sacrific-
ing half of the fiducial volume, we were able to achieve the 2D mapping of part icle tracks . 
With t his improvement we were able to produce our very first scatter plot of particle track 
projected length vs. deposited energy represented by the ADU count of a CCD camera. 
3.3 .3 EMCCD 
While we were struggling to achieve more electron gain from the particle t rack with the 
Apogee Alta U6 CCD camera, we were int roduced to a new type of CCD camera, an Elec-
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Figure 3.17: Quantum efficiency curve for the Kodak KAF-1001E CCD chip (Eastman 
Kodak Company). 
back-illuminated EMCCD camera from Andor Technology. On top of all the benefits one 
can expect from a regular CCD camera, EMCCD cameras are equipped with a special 
signal electron multiplying register . When a regular CCD camera captures a photographic 
image, each pixel converts the fraction of the number of photons hit into photoelectrons. 
T hose photoelectrons are shifted over to the readout register and converted into a digital 
signal, and a computer reads it out and displays it as an array of light distribution informa-
t ion. An EMCCD does the same except that it has a special electron multiplying register 
in it. As the photoelectrons are being read out, each pixel's photoelectrons travel through 
this electron multiplying register. In this special register , discrete voltages are applied in 
each path, and the number of electrons is multiplied in a controlled manner. This electron 
multiplying function of the EMCCD camera is adjustable up to an electron multiplying 
gain of 1 ,000. It lets users reach their desired signal-to-noise ratio in a linear fashion. 
We typically use the EM gain of 300 in our standard data taking mode, high enough to 
have very low effective readout noise, but low enough not to damage the camera in the 
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Figure 3.1 : Effect ive readout noise rate vs. the user-input EM gain. With the EM 
gain applied to the CCD 's readout register , t he readout noise becomes virtually negligible 
(AndorTM Technology) . 
the readout noise is nearly negligible at our standard running mode EM gain of 300. 
In general, CCD images suffer from two types of noise . One is the thermal electron noise 
from the CCD chip's temperature itself, and the other is the readout noise. T he CCD 
cameras we have been using so far could cool down the chip temperature to negative 20°C 
with air cooling in a st eady operation. This EMCCD is equipped with much better cooling 
system, and a user can lower t he CCD temperature down to negative 0°C with air cooling 
(or -60°C for a steady operation). Also because the photoelectrons are multiplied before 
they are being read out , t he signal-to-noise ratio of an EMCCD camera is so great that 
the effective readout noise is virtually negligible. 
This EMCCD model also ha far uperior quantum efficiency of up to 92.5 % at 575 nm 
of wavelength and stays greater than 90 % over the entire red end of the spectrum (see 
Fig. 3.19). The chip size is 1024 by 1024, which is the same as t he previously used Alta U6 
camera, and its pixel size is 13 J.Lm by 13 J.LID. The readout noise of this camera is on t he 
order of tens of electrons per pixel dependi ng on t he part icular readout etting of usage; 
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Figure 3.19: Effective readout noise rate vs. the user-input EM gain. With the EM 
gain applied to the CCD's readout register, the readout noise becomes virtually negligible 
(AndorTM Technology). 
read out so that the resultant effective readout noise goes below that of a single electron. 
The EMCCD is a frame t ransfer camera with no physical shutter equipped within. Once 
the EMCCD is connected to a computer and opens up the application software, it begins 
its constant flushing and cleaning activity to keep the pixels clean and empty. 
Fig. 3.20 shows the schematics of the EMCCD chip of this camera. The image section of 
t he CCD chip is wide open to external light; thus, it is necessary to keep this pixel cleaning 
activity on at all times. Once the camera is triggered to take an expo ure of an image, 
it stops thi cleaning motion for a given amount of time as defined by the user and then 
once this set time elapses, the image pixels in the image section start shifting downward 
with the vertical shifting speed cho en by the user. One has to under tand that the actual 
exposure time is not only the time set by the user, but also as the image section is being 
shifted downward, the pixels left in this image section remain expo ed to the externally in-
coming light. This means that the real exposure time should be calculated as ' (the user-set 
exposure time) + (vertical shift speed) x (1024 pixel rows)' . This is important informa-
tion because the event t iming and rate of radioactivity are very random, and when more 














Figure 3.20: Schematics of the Andor iXon +888 EMCCD chip (AndorTM Technology). 
tho e multiple tracks occurred at the same time. Al o one has to understand that most of 
the exposure time comes from this vertical shift ing time of the pixel rows. The minimum 
exposure t ime that a user can predetermine is 10 J..LS; however, the selectable vertical shift 
velocity is all on the order of microsecond per row, which means that it would take on the 
order of milliseconds for the entire frame to be shifted down to the storage section where 
no more light can enter the image. Therefore, the effective minimum exposure time of the 
camera is on the order of milliseconds at its maximum capability. Once the entire image 
is shifted down to the storage section, each row keeps moving downward row by row onto 
the readout regi ter. From the readout register, each pixel of the row is shifted through 
the electron multiplying register (EM register). At each shifting of the pixel, the signal 
electrons are mult iplied with the applied voltages until they are finally read out onto a com-
puter. The EMCCD does not initiate another expo ure until t he readout register sends a 
signal that all t he information from the previous image has been completely read out onto 
a computer. During this whole period, the image and storage ections of the CCD chip 
continue flushing the pixels in order to keep them clean and empty. The typical set ting 
mode of the EMCCD that we use takes slightly less than 0.5 seconds for this entire cycle 
to finish , which means that the camera is capable of capturing 2 image frames every second. 
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The exceedingly high signal-to-noise ratio allows an ionizing track's length, width, and 
direction , as well as the energy deposited along the particle's track , to be recorded very 
effectively. Thus we can achieve a good energy resolution as well as excellent spatial reso-
lution of the recoils. As our initial test, I examined the sensitivity of the EMCCD camera 
and obtained the typical conversion factor of 1 photon hit onto t he E.l\ICCD chip. When 
cooled down to below -60°C , the typical background thermal and readout noises of the 
EMCCD chip average around 100 ADU as a pedestal with typical fluctuation a of as low 
as 6 ADU. In the process of quantifying the light sensitive efficiency, I used a green LED 
with wavelength of 565 nm shooting into an aperture of 2 J.Lm in diameter. This LED 
was connected to a pulse generator to produce rectangular waves of the width 1us at a 
frequency of 1 kHz. So, the calculation suggests that one photon should be hitting the 
lens surface at every one second. In order to verify t his result , I also used a Hamamatsu 
PMT, model H1161-50 with a known quantum efficiency of roughly 5 % in the green part 
of t he spectrum. In this experiment for both EMCCD and PMT (see Fig. 3.21 and 3.22), 
I attached the same Schneider Xenon 0.95/ 50 lens so that the focus point fell onto t he 
surface of the light sensitive region (the EMCCD is designed to simply attach via a regular 
C-mount). By changing the frequency or width of the generator pulses, or the exposure 
time of the EMCCD, I could control the numbers of photons hitting the lens. By doing so, 
and subtracting the background noise of the EMCCD image properly, I fit the data with a 
Poisson distribution and obtained that 1 photon hitting the central pixel of the EMCCD 
camera creates roughly 20 ADU of signal in our standard data taking mode of EM gain of 
300 (see Fig. 3.23) . 
Because of the EMCCD's superior signal electron multiplication capability, we were able to 
go back to using the wide angle Schneider Xenon 0.95/ 17 lens to include the whole 30 em 
view of t he amplification region. While analyzing the data captured, we noticed quite 
a different gain variation of the image pixels at different locations. This was due to the 
non-uniformity of the light collection on the lens. The light collection efficiency drops off 
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Figure 3.21: Andor EMCCD and green LED etup. 
Figure 3.22: Hamamatsu PMT and green LED etup. 
Distribution of light level measured by iXon +888 EMCCD 
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Figure 3.23: Result from the controlled green LED signals. This plot shows a nice Poisson 
distribution of the photons captured by the EMCCD camera. 
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Figure 3.24: The light collection drop-off curve on the Schneider Xenon 0.95/ 17 lens ( olid 
line) (Schneider Optics Inc.). 
along the distance from the center of the lens (see Fig. 3.24). The light collection efficiency 
along the perimeter of the lens drops to as low as 38 % of that in the center. Thus in the 
data analysis, we made a correction to compensate for the lost light level depending on 
where the particle is located. 
3.3.4 Up-To-Date DM Prototype D etector 
After going through several generations, t he BU prototype R&D Dark Matter detector had 
reached its final version for some serious data takings. The chamber is the SS304 vacuum 
chamber from Kurt J. Lesker with an electropolished inner surface. Inside the chamber, 
there are the three important components: an anode plate, grid mesh. and cathode mesh. 
The anode plate is made of copper plated on a G-10 board, and the meshes are made of 
either stainles tee! or copper fabricated with metal fibers of 25 J..Lm in diameter paced 
every 250 J..Lm with a typical transparency of 0 %. The gap between the anode and grid is 
on the order of 500 J..Lm, which produces an intense electric field amplification region with 
a standard anode voltage etting of 620 V. In between the cathode and grid meshes is a 
20 em drift region , which makes up the sensitive volume of the detector. The field-shaping 
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Figure 3.25: The BU prototype R&D Dark Matter detector in a dark box. The EMCCD 
i placed below the chamber, looking up towards the amplification region. 
cage rings are made out of SS304 and spaced every 1 em in the electron drift region to 
achieve a uniform electric field in the vert ical direction. The lens-to-anode di tance is kept 
at 355 mm so that the EMCCD will capture the entire view of the amplification region with 
good spatial resolution. The whole chamber is filled with low pre sure CF4 gas along with 
a mixture of 4He, 3He, and/ or Xe gas depending on what kind of incident particles we want 
to detect. Fig. 3.25 show the current prototype detector etup. We installed the EMCCD 
camera outside the chamber through Kodial glass (alkali borosilicate 7056) windows wit h 
a typical transparency of greater than 90 % in the optical wavelength region (see Fig. 3.26). 
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Figure 3.26: The t ransmission spectrum of the Kodial glass window (Kurt J. Lesker Com-
pany). 
Chapter 4 
Fast-Neutron Tests with Prototype DM 
Detector at MIT 
4.1 Fast Neut ron Detection from 252Cf 
4.1.1 Introduction to 252Cf Neutron Runs 
During the ummer of 200 , after we began exploiting the advanced technology of the 
EMCCD, we temporarily moved our Boston University prototype Dark Matter detector to 
the uclear Reactor Laboratory Building NW13 at Massachusetts Institute of Technology 
in order to do everal te ts with fast neutrons from a 252Cf fis ion neutron source and a 
D+T neutron generator. Unfortunately, the use of the PMT was till under development, 
so the data we obtained at MIT was only from the EMCCD with no PMT information for 
the 3D reconstruction of the particle t racks. 
The 252Cf neut ron source (see Fig. 4.1 (a)) at MIT has an activity of 3 mCi , which is roughly 
10 Bq of nuclear reaction. Fig. 4.1(b) shows its typical neutron energy spectrum. Out of 
those reactions, about 3 % goes into the fission reaction , and at each reaction there should 
be 3. neutrons emitted. Thus. the number of fast neutrons emitted from this 252 Cf neu-
tron source is the order of 107 neutrons per second in all directions. The efficiency of the 
fast neutron interaction with 40 torr of CF4 gas inside the chamber is approximately 0.1 %, 
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Figure 4.1: (a ) A picture of the 252Cf neutron source at MIT and (b) its expected neutron 
energy pectrum. 
and the cross section of the sensitive volume of the chamber is approximately 500 cm2 . The 
expected neutron-induced nuclear recoil rate is calculated as follows: 
interact ion rate= (107 neutrons) ·(0.1 % efficiency) ·5J0n ~2 
where ·d· is the distance between the center of the prototype chan1ber and the location of 
the 252Cf neutron source. In order to achieve 1-2 neutron-induced recoil t racks per image, 
we placed the detector 6 m away from the 252Cf neutron source. Because of the EMCCD' 
superior signal electron multiplying function , we could successfully back up the camera 
and lens far enough so that we could capture the entire view of the 28.6 em inner diameter 
circular anode ring. We used the Schneider Xenon 0.95/ 17 wide angle lens together with 
the EMCCD so that we could capture the whole view of the anode plane. We set the 
anode-to-lens surface distance to 355 mm including the 20 em of electron drift region with 
the field cage rings. In thi etup, each video pixel captures 305 J.Lm of the real size so 
that the magnification factor is 31°35 :::: rv23. In order to achieve a good balance of spatial 
resolution and signal above the background level we chose to use the binning of 2, which 
means each superpixel of the image data is made of 2 by 2 pixel with the actual video 
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superpixels of the size 610 f.Lm by 610 1-Lm of spatial re olution. 
4.1.2 252Cf Run Data with Pure CF4 Gas in BU Prototype 
When high voltages were turned on for the anode and cathode ( +620 v for anode and 
-2500 v for cathode) and the detector was filled with 40 torr CF4 gas, the typical sparking 
frequency without any radioactive source nearby was on the order of 0.1 Hz, although this 
depended on the gas age. This means a single spark occurred every 1000 second . We be-
lieve sparks were caused in the amplification region. The heavy ions deposit lots of energy 
and cause discharge events in the electric field region. When the 252Cf neutron source was 
introduced into the room, even though it was sitting in ide the moderator, the park event 
of the detector increased dramatically. The 252Cf source was placed into the cavity of the 
housing made with Ricorad (2 % Borated Polyethylene with density of 0.945 gj cm3) neu-
tron absorber boards with a 2 em by 2 em opening directed towards the prototype detector. 
Fig. 4.2 represents 30880 charged particle tracks (red markers) from the 252Cf run and 
50 tracks of 241 Am a: particles (blue markers) both in the 40 torr CF4 gas detector, and 
Fig. 4.3 presents the SRJM simulation of predicted ion/ recoil t racks. One can ee a band 
of charge one protons at the bottom of the scatter plot. Those protons originated from 
the field cage's plastic spacer . Plastic contains quite a bit of hydrogen. which has a large 
cross section with fast neutrons. The clump at the left bottom is from heavy nuclei recoils 
induced by 252 Cf fast neutrons with a typical energy of 1-2 MeV. I t is very difficult to 
separate fluorine from carbon. Among the data, only 4.44 % of all tracks identified are 
unable to provide directionality information due to the small ratio of track length to track 
width. Either the energy transferred from those recoil was too low, or the track had a 
large electron drift distance. The x-axis is the projected length in em captured by the 
EMCCD camera. This was our very first detector experiment using a fast neutron source, 
and at this point we did not have the P~IT triggering/ ignaling ability together with the 
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F igure 4.2: A scatter plot of 252Cf fast-neutron-induced particle recoil tracks in a pure 











F igure 4.3: A SRJM simulation of the recoil ranges in a pure 40 torr CF4 gas. 
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EMCCD. The data taking was missing a triggering system to prompt the EMCCD camera, 
and we could not obtain the vertical component of any particle tracks. Thus, the exposure 
time was set to 1 second continuously, and each frame was t riggered internally at equal 
frequency. The total real time of this run was 28.22 hours (101580 econds), and the actual 
live t ime was 20.38 hours (73366 seconds). Among the 73366 files recorded in this run, only 
32137 images were identified as 'images with feature·. 343 files were categorized as ·sparks·: 
once the 252Cf neutron source was introduced into the room where the chamber was, the 
spark rate increased. This was because the increased number of neutrons induced heavy 
ions to bump around the amplification region of the prototype chamber , and unfortunately 
there was nothing we could do to avoid those types of spark events. Also, once the spark 
occurs, the power supply is turned off due to its safety design, and it would take 6 econds 
to have it back on to the desired voltage value; thus, we had to reject any file recorded 
within 6 seconds after each spark event. In this data set , 39521 files were categorized 
as 'empty' . The empty images could contain very dim or low energy particle tracks, but 
those were below the t hreshold level, and we could obtain no useful information from them. 
Fig. 4.4 is an example of an identified part icle track in 40 torr CF4 gas. induced by the 
252 Cf source's fast neutrons. The energy threshold for the recoil recognition for this run 
was rv30 keV with the capability of recognizing the direction of the nuclear recoil. Fig. 4.5 
is t he example of the 252Cf-neutron-induced nuclear recoil track including such low en-
ergy recoils captured by the EMCCD camera. Those images are in the series of order of 
t he t rack recognition from the beginning of the data taking. The direction of the neutrons 
coming into the detector is from the image's top to bottom. Becau e the energies of the 
recoils are much less than a Bragg peak, t he energy loss per unit length (dE/ dx) or en-
ergy deposit hould decrease as the recoil travels. This gives a clear idea of t he moving 
direction of the recoils captured. Those recoils moving upward (towards t he Cf source) are 
most likely induced by the neutrons that passed once through the detector, bounced back 
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Figure 4.4: A typical 252Cf-neutron-induced nuclear recoil track in the prototype detector 
of pure 40 torr CF4 gas. The view is roughly 30 em by 30 em. The 
252Cf neutron source 
was placed 6 m above the view; thus, the neutrons are coming from the top of the image. 
The unit in the scale on the right is ADU. Particle track analysis program was integrated 
by Andrew Inglis (Inglis, 2008). 
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Figure 4.5: Magnified images of 252Cf-neutron-induced nuclear recoil track in the prototype 
detector of pure 40 torr CF4 gas. The energie of the recoil in t he above images vary from 
a few tens of keY (a few millimeters long) to everal hundreds of keY (about a centimeter 
long) . A Gaussian filter is applied to tho e track image for visual integrity. 
gas . 
4 .1.3 Electron Diffusion Check in 40 torr CF 4 G as 
One important confirmation that had to be done along with the neutron experiment in the 
this etting was to verify the expected amount of electron diffusion of t he particle tracks 
at various drift lengths in the exact etting and e pecially at 40 torr of CF -1 gas pre ure. 
In order to carry out this experiment, I used three different americium a particle sources 
at different drift lengths: 10 em. 19 em, and 2 em from the amplification region. tarting 
from the left in Fig. 4.6( a). 
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(a) (b) 
Figure 4.6: (a ) A sample image of t he a part icle tracks with the electron drift distances 
of 10 em, 19 em, and 2 em respectively from left to right. (b ) A CCD view of the whole 
amplification region of the detector. 
Taking the average of 100 images each of such a tracks per drift di tance and applying 
the Gaussian fi t in the t ransverse direction to them as shown in Fig. 4.7(a): I obtained the 
diffusion value for the three different electron drift lengths in a pure 40 torr CF4 gas ( ee 
Fig. 4.7(b)) . 
The result of the diffusion measurement matched clo ely to the predicted values in 40 torr 
CF4 , even though we chose to u e the binning function (each bin corre ponds to 610 J..Lm 
by 610 J..Lm) at the acrifice of orne spatial resolution. 
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Figure 4. 7: (a ) An example of the Gaussian fit applied to the transver e diffusion of the 
a particle tracks. (b ) The electron diffusion value quared vs. the drift d istance in a pure 
40 torr CF4 gas. I have verified that the diffusion value is within our expectation in this 
particular setting. 
4.1.4 252Cf Run Data with Gas Mixture of CF4 and 4 H e in BU Prototype 
After finishing the first 252Cf neutron run with the 40 torr CF4 gas detector , we also carried 
out another experiment with a 40 torr CF4 and 600 torr 4 He gas mixture. This is because 
4 He atoms have much greater cross section with neutrons on the order of an MeV, and as 
a crucial part of our project , we needed to understand the capability of our detector as a 
direction-sensitive neutron detector. ot only is the 4He cro s section with high energy 
neutrons in the MeV range high , but also the addition of 4 He gas into 40 torr CF4 gas does 
not change much of the scintillation or sparking characteristics of the detector. It is un-
avoidable that the electron diffu ion and drift velocity in this gas mixture would increase; 
however, mo t of the neutron interaction that would be useful to neutron detection come 
from interactions with 4 He atoms, and those ionized 4 He atoms from the collision have 
much greater range. Therefore, detecting the head-tail directionality of the particle recoil 
tracks would not be a difficult task. 
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For this mixed-gas experiment, t he anode and cathode voltages used were kept at the 
same level as in the previous 40 torr CF4 detector 's case, +620 v and -2500 v respectively. 
Adding 600 torr of '1 He gas increased the neutron interaction efficiency from 0.1 % to 0.5 % 
or greater, so in a very simple estimation we would expect several helium recoil tracks in 
each image frame from this run. Fig. 4.8 shows the result of this run. The red markers 
are the 252Cf -induced nuclear recoils, and the blue are the americium a particles as a 
calibration source, and Fig. 4.9 is the SRIM simulation. Fig. 4.10 shows an example image 
of the mixed gas run, and Fig. 4.11 shows the magnified images of recoil tracks from this 
run. Compared to the previous run with pure CF4 gas, it is obvious that most of the re-
coils are helium nuclei with a charge of two. Because of this, the ambiguity of the particle 
directionality in the data is as low as 0.75 %. This means t he directionality detection failed 
only 0.75 % of the time. This is better than the pure CF4 gas case by a factor of about 6. 
4.1.5 Electron Diffusion Check in Gas Mixture of 40 torr CF4 and 4 He 
Most of the particle recoils in this gas mixture have a recorded projected length of greater 
than 1 em. The electron diffusion in this gas mixture is actually not too bad (see Fig. 4.12) 
when compared to the pure CF4 case; the diffusion in t he 4He gas mixture turned out to 
be only about a 5 % larger from the pure CF4 electron diffusion. Although there is no 
suggested electron diffusion value for this specific gas mixture of 40 torr CF4 and 600 torr 
4He, our experimental result of very little increase in the electron diffusion compared to 
the pure CF4 gas case is a very strong motivat ion to use t his gas mixture for our neutron 
detector. 
4.1.6 Directionality Capability of our Detector 
Another very important outcome from this fast neutron run was to quantify our detector's 
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Figure 4.8: A scatter plot of 252Cf fast-neutron-induced particle recoil t racks m a gas 
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Figure 4.9: A SRIM simulation of the recoil ranges in a gas mixture of 40 torr CF4 and 
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Figure 4.10: A typical Cf-neutron-induced nuclear recoil track in t he prototype detector 
of t he gas mixture of 40 torr CF4 and 600 torr 4He. The view is roughly 30 em by 30 em. 
T he Cf neutron source was placed 6 m above the view; thus, the neutrons are coming from 
the top of the image. The unit in the scale on the right is ADU. 
65 
Figure 4.11: Magnified images of 252Cf-neutron-induced nuclear recoil t rack in the proto-
type detector of the gas mixture of 40 torr CF4 and 600 torr 4 He. The typical energies of 
the helium recoils in the above images are on the order of several hundreds of keV (about 
a centimeter long). A few tens of keV energy fluorine or carbon nuclear recoils are still 
included with the similar rate as before. A Gaussian filter is applied to those track images 
for visual integrity. 
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Figure 4.12: (a ) An example of the Gaussian fit applied to the transverse diffusion of the 
a particle tracks. (b ) The elect ron diffusion value squared vs. the drift distance in the gas 
mixture of 40 torr CF4 and 600 torr 4H e. 
could be used as an efficient neutron detector with a good sense of directionality. T he 
detector, filled with a mixture of 40 torr CF4 and 600 torr 4He gas, was placed 6 m away 
from the 252 Cf neutron source. A schematic of the laboratory facility is shown in Fig. 4.13. 
The room was surrounded by thick concrete walls on all sides, with the except ion of a 
hole to the neighboring room where an accelerator is placed. Another notable feature of 
the room is the 24" thick concrete door that separates the neutron control room from this 
laboratory space. There was no neutron moderating material around the detector in the 
room, except t he housing made with Ricorad that contains the 252Cf neutron source and 
aims it in the direction of the detector. 
The graphs in Fig. 4.14 show the angular distribution of the recoil helium nuclei, induced 
by high energy neutrons from the 252 Cf source sitting 6 m away from the detector. The 
approximate angular resolution is about 10° and, most importantly one can observe the 
features in the room by looking at the angular distribution of the recoil tracks. At about 
30°, the neutron flux plateaus because the number of neutrons bouncing off the right wall 
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Figure 4.13: A sketch of the nuclear physics basement laboratory in the building W-13 
at MIT. The detector (blue) was placed inside a dark box, and the 252Cf neutron source 
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Figure 4.14: (a ) T he angular distribution of the 252Cf- neutron-induced nuclear recoil t racks 
in the gas mixture of 40 torr CF 4 and 600 torr 
4 He. (b) The energy of the 4 He recoil in 
the added axis in t he 3D plot (Inglis and Hartwig, 200 ). This shows that the flux of 4 He 
recoils with higher energy is at maximum in the direction pointing towards t he 252Cf fission 
neutron source. 
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coming into the chamber decreases. Exactly at 90°, which is the direction of the 252Cf 
neutron source, the neutron flux reaches its maximum . Around 220°-230°, the flux is at a 
local maximum: this is due to the neutrons bouncing back from the concrete wall located 
at this angle from the detector. Then at 270°, which is exactly the opposite direction of 
where the 252 Cf source is located , is the second greatest peak. This peak is due to the 
neutrons passing t hrough the detector once without interacting, then get bounced off the 
wall behind, coming back into the chamber and inducing the helium recoil. The detector, 
filled with just pure 40 torr of CF4 gas, also has t he capacity of the directionality; however, 
when t he detector should be used specifically as a direction-sensitive neutron detector, en-
ergy and momentum t ransfer onto helium nuclei is much more efficient than relying merely 
on the heavier nuclear recoils such as carbon or fluorine. This result confirms the great 
potential of our detector as a direction-collimatorsensitive fast neutron detector. F ig. 4.15 
shows the angular distribution result from a pure CF4 detector with the use of the 252Cf 
neutron source in the similar fashion. Although the pointing capability of the detector 
can offer very good directionality without the addition of any 4He gas, the typical angular 
resolution goes as high as 25 %, and the capability of distinguishing minor detail such as 
the location of objects in the room would be lost . 
4 .2 Fast N eutron D etect ion from D+T N eutron Generator 
at MIT 
4.2.1 Introduction to D +T Neutron Generator Neutron Runs 
Another fast neut ron source device we used at the MIT nuclear physics laboratory is a 
Thermo Scientific D+ T neutron generator model A-325 (see Fig. 4.16). The neutron rate 
in the company's specification is listed as " < 108 (n/s)", and when we took a measurement 
in summer 2008, the actual flux came out as rv6.2x 103 (/s/cm2)±5 % measured at 26 em. 
This is about 5x 107 (/s) emitted, which agrees with the specification value. The typical 
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CF4_CF _atMIT 
Figure 4.15: The angular distribution of the Cf-neutron-induced nuclear recoil tracks in a 
pure 40 torr CF4 gas as a comparison. Although the directionality information i still very 
useful, the angular resolution is not nearly as good as the other gas mixture case. 
Figure 4.16: The image of the D+ T neutron generator from Thermo Scientific (Thermo 
Scientific). 
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energy of neutrons created in this generator is 14.1 MeV by the fusion reaction of Deuteron 
and Triton. The number of neutrons emitted from this neutron generator is roughly 5 times 
more than that of the 252Cf source we used in our previous experiment. When the energy 
of neutrons is on the order of an MeV, which is the case of 252Cf neutrons, the majority 
of the interactions with eit her the carbon or fluorine of the CF4 gas is elastic collisions. 
However, as the energy of neutrons increase, the number of inelastic collisions of carbon 
or fluorine atoms becomes non-negligible, and at 14.1 MeV of neutron energy, quite a few 
inelastic interactions occur. 
Fig. 4.17(a) and Fig. 4.17(b) represent the neutron cross section with carbon and fluorine 
atoms. In both cases, the blue lines correspond to the total interaction, and the green lines 
are the elastic interactions. One can see that at typical 252 Cf neutron energy at 1-2 MeV, 
the cross section is dominated by elastic collisions. At the neutron energy of 14.1 MeV, two 
kinds of inelastic interactions with carbon atoms frequently occur: one is that a neutron 
breaks a carbon atom into beryllium and an a particle (presented in red color), and the 
other is a carbon breaks into three a particles (presented in light blue color). In fluorine's 
case, most of the inelastic collisions lead to either the creation of oxygen and a proton (pre-
sented in black and pink colors), or nitrogen and an a particle (presented in red and light 
blue colors) pairs. The nuclear recoil energy from the elastic collisions of course increases 
compared to the ones from the 252Cf neutrons. A majority of t he elastic nuclear recoils 
would have energy greater than an MeV with typical ranges of several centimeters. 
4 .2.2 D + T Neu tron G enera tor Run Data wit h Pure CF4 G as m B U 
P rototyp e 
Fig. 4.18 shows the elastic and inelastic interactions for 14.1 MeV neutrons incident on 
CF4. Fig. 4.19 shows some examples of high-energy recoils from elastic collisions, and 
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Figure 4.17: (a ) Several types of neutron cross sections with carbon. (b) Several types of 
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F igure 4.18: 14.1 MeV-neutron-induced nuclear recoil tracks in the prototype detector of 
pure 40 torr CF4 gas. Both inelastic and elastic recoil are seen in this image. The view is 
roughly 30 em by 30 em. The neutron generator was placed 6 m above the view; thus, the 
neut rons are coming from the top of the image. The unit in the scale on the right is ADU. 
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Figure 4. 19: Magnified images of the elastic nuclear recoil t racks induced by the 14.1 MeV 
neut rons in the prototype detector of a pure 40 torr CF4 gas. The energies of the recoils 
vary from as low as several tens of ke V (a few millimeters long) to t he order of MeV (several 
centimeters long) . A Gaussian filter is applied to those track images for visual integrity. 
-
' 
Figure 4.20: Magnified images of the inelastic nuclear recoil tracks induced by 14.1 MeV 
neut rons in the prototype detector of a pure 40 torr CF4 gas. The t rack length can vary 
up from > 20 em down to less than a centimeter depending on t he transferred energy. A 
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Figure 4.21: The scatter plot from the pure 40 torr CF4 gas setup with the neutron source : 
252Cf (red) and the 14.1 MeV neutron generator (green). Each data set contains exactly 
5,000 unbiased particle tracks found by the track recognition computer program. 
in two particle outcomes, which can be predicted with the neutron eros section data (see 
Fig. 4.17(a) and Fig. 4.17(b)) . Fig. 4.21 compares the 5,000 particle tracks from the 252Cf 
and neutron generator runs with the pure 40 torr of CF4 gas. 
The scatter plot in Fig. 4.21 contains· (1) charge-one proton tracks mainly due to the 
neutron colli ions with the plastic material inside the chamber, (2) naturally occurring 
background a particles from the inside material, (3) nuclear elastic collisions, and ( 4) nu-
clear inelastic collisions of the gas atoms. The charge-one proton band from the plastic 
material in ide the detector is identical in the two runs. The elastic nuclear collision events 
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Figure 4.22: The numbers of events in the scatter plot (see Fig. 4.21). The a background 
events are counted only in the 252Cf data, and I used the same rate for the neutron generator 
run as well. 
also make a local cluster, which agree in both cases. Tho e elastic nuclear recoil induced 
by higher energy neutrons (green marker in Fig. 4.21) from the neutron generator form a 
longer band of the cluster. The table in Fig. 4.22 shows the number of each type of event 
contained within the sample of the 5000 particle tracks in each run. After subtracting all 
interactions but the inelastic events, the rate of the inelastic collision events in the 252Cf 
run was 0.36 %, and in the neutron generator run was 14.8 %. 
Becau e fluorine atoms constitute 0 % of the CF4 gas, and fluorine's neutron cro section 
is much higher in mo t of the 252Cf neutron energy spectrum, the majority of the inelastic 
events are due to the fluorine recoils. In order to verify the accuracy of our data, I used 
the expected neutron cross section information from the National uclear Data Center 
(National Nuclear Data Center, Brookhaven ational Laboratory) and made an estimate 
of the inelas tic collision events rate for a 40 torr CF4 gas. Fig. 4.23 shows the neutron 
cross sections of carbon and fluorine atoms. Blue markers correspond to the total cross 
section, the green markers are for the exact 14.1 MeV neutron generator neutrons inelastic 
cro s sections, and the red markers describe the inelastic cross sections from a 252 Cf with 
the typical neutron energy spectra correction (see Fig. 4.1). 
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Figure 4.23: The interaction probability plots for carbon (a ) and fluorine (b ) atoms. Blue 
markers represent the total interaction. The green marker correspond to the probability 
of interaction with the neutron-generator neutrons (14.1 MeV only) , and the red marker 
stand for the interaction probability with the 252Cf neutrons (the californium neutron 
energy spectrum has been taken into consideration in thi estimation) . The probability 
(y-a.x.is) is in an arbitrary unit. 
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Figure 4.24: Magnified images of the three-a interaction candidates induced by 14.1 MeV 
neutrons in the prototype detector of a pure 40 torr CF4 gas. The track length can vary 
up from > 20 em down to less than a centimeter depending on t he transferred energy. A 
Gaussian fi lter is applied to those track images for visual integrity. 
obtained the inelastic collision event rate of 0.385 % for a 252 Cf and 16.1 % for a neutron 
generator neut ron sources. Although an energy resolution was as bad as 20 %, the pro-
totype Dark Matter detector demonstrated an extraordinary detection capability for both 
elastic and inelastic neutron collision events . On rare occasions one can also find three 
pronged tracks which are clear candidates for t hree a particle production (see Fig. 4.24). 
The precise energy measurements on each track of those events are extremely difficult and 
still underway, and we may need much higher energy resolution for a good study of such 
events in our detector as well. There is still room for improvement in increasing the energy 
resolution of this detector for much more sensitive and accurate recoil energy measurements 
in the next generation DMTPC Dark Matter detector. 
Chapter 5 
Preliminary TPC Experiment with Xe 
Gas 
5.1 Scintillation Characteristics of Xe Gas 
After the successful measurement of fast neutron recoils and interactions for the prototype 
Dark Matter detector study at the MIT Laboratory for Tuclear Science, we decided to 
explore the capability of our detector as an inelastic Dark Matter detector with Xe gas. 
Our first and greatest concern about using a Xe gas was its scintillation spectrum and 
efficiency. Fig. 5.1 shows the wavelength spectrum of a Xe arc lamp. Unlike the CF4 or 
4 He spectrum, there are several peaks found above 00 nm. Although the EMCCD is not 
ideally suited for capturing such an IR region, the quantum efficiency of the EMCCD is in 
the range of 50-70 % (see Fig. 3.19) for the first two peaks of the Xe near IR spectrum, 
which should be manageable by using the binning function as well as a lens with a greater 
surface area. 
My first task was to make sure particle tracks are visible in the pure Xe gas or its mix-
ture with other gas such as CF4 . For this experiment , I slightly modified the prototype 
Dark Matter detector. In order to obtain sufficient light collection, the Schneider Xenon 
0.95/ 50 len wa attached to the EUCCD, o that the len -to-anode distance was 20.7 em 
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Figure 5.1: The Xe spectrum in the visible and near IR region (ZEISS). 
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by 6.8 em. The software binning function was also necessary for good optical recognition, 
and I chose the binning of 8, which corresponded to a 0.54 mm/ bin spatial resolution. An 
241 Am o: particle source was placed at only 1 em below the amplification region in order 
to minimize t he electron diffusion effect. The images in Fig. 5.2 compare the typical o: 
part icle tracks - one in CF4 gas, and the other in Xe gas. 
The greatest triumph here was that our prototype Dark Matter detector could opt ically 
capture and identify o: tracks in a pure Xe gas. We have verified t hat the majority of the 
Xe scintillation was in fact coming from the IR region by the use of long-pass fil ters. T he 
next attempt was to reduce the electron diffusion so that the particle direction recognition 
could be achieved. Because CF4 is well known as a 'cold' gas with an excellent scintillation 
efficiency and low electron diffusion , our first insight was to star t mixing some CF4 gas into 
the pure Xe gas to see it would make any improvement. The images in Fig. 5.3 demonstrate 
the procedure of adding CF4 gas into the base of 80 torr Xe gas. 
From the o: part icle tracks captured in the gas mixture of 80 torr Xe and varying amount 
of CF4, we noticed that mixing 10-15 torr of CF4 was optimal for our detector. Adding too 
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(a) (b) 
Figure 5.2: a particle tracks captured in the central6.8 em by 6.8 em region of the prototype 
Dark Matter detector in (a ) 40 torr CF4 gas and (b ) 80 torr Xe gas. The electron diffusion 
values are 0.35 mm and 6.8 mm relatively. The electron diffusion value at the drift distance 
of 1 em in the 40 torr CF4 gas fully agrees with the suggested/observed value (see Fig. 4.7). 
The applied amplification voltages were +620 v and +415 v respectively. 
2 
Figure 5.3: The a particle tracks captured in the central 6.8 em by 6. em region of 
the prototype Dark Matter detector. The gas basis was the pure 0 torr Xe with variou 
admixtures of CF4 gas. The amount of CF4 gas added in torr and the applied amplification 
voltage in volts are as follows: (PcF4, V Anode)= (0, 415), (1, 430), (5, 470), (10, 500), (15, 
525), (20, 550) , (25, 570), and (30, 590) respectively from the top-left down to bottom-right. 
The amplification voltage was set to the highest po sible without any parking. 
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much CF4 quenched the scintillation efficiency. With the 10 torr and 15 torr CF4 mixture, 
the electron diffusion CJ values were 1.1 mm and 0. 7 mm respectively. Low energy Xe recoils 
from an inelastic collision off a Dark Matter particle with a typical energy of tens of keV 
would travel less t han a millimeter in such a gas mixture. Thus, although our detection 
method with the gas mixture of Xe and CF4 would work beautifully in the inelastic Dark 
Matter search, no directionality information could be obtained. 
5.2 Non-Linearity of the Stopping Power of X e Gas 
Another interesting feature of Xe gas we discovered was the non-linear relationship of the 
moving ion's scintillation quantity and the amount of energy lost per unit length (dE/ dx) . 
In CF4, t here is a clear linear relationship between the scintillation energy and dE/ dx (see 
Fig. 2.4); t hus, it is very easy to predict the amount of the stopping power by a linear 
factor. If t he scint illation efficiency of Xe gas changes in a non-linear fashion, we could 
exploit this unique attribute to make the detector background free . For this study, I have 
set the gas pressure to the successful gas mixture of 80 torr Xe and 10 torr CF4 as seen in 
Fig. 5.3. The six images in Fig. 5.4 display the change in the scintillation by the applied 
amplification voltages. Roughly 2.5 MeV of the a energy is contained in each viewable 
frame. 
In order to quantify this non-linearity, I extracted the light level of the a tracks at each 
centimeter from the Bragg peak and made comparisons at different anode voltages (see 
Fig. 5.5). Fig. 5.6 illustrates the ratio of the scintillation level (measured in ADU) to that 
of the Bragg peak value vs. the location of the measurement along each a track at every 
centimeter . The dE/ dx curve is presented in a purple dotted line, predicted by the SRIM 
simulation. Unlike the linear relationship between the light emission vs. dE/ dx of the CF4 
gas (see Fig. 2.4), Xe gas shows very strong non-linear characteristics. The above result 
also confirms t hat the rate discrepancy of the scintillation level and the stopping power 
4 
Figure 5.4: The o particle tracks captured in the central 6.8 em by 6. em region of the 
prototype Dark Matter detector. The gas mixture was 0 torr Xe and 10 torr CF4 . The 
applied amplification (anode) voltages in volts were 495 v, 490 v. 4 0 v, 470 v, 460 v. and 
450 v respectively from the top-left down to bottom-right. 
Figure 5.5: An o particle track in the gas mixture of 0 torr Xe and 10 torr CF4 . The o 
was moving from the right to left , going through its Bragg peak right before it came to 
rest. For the comparison study of the scintillation vs. dE/ dx, I took the scintillation ratio 
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Fig-ure 5.6: The amplification voltages have been varied for the study of t he scintillation 
vs. dE/ dx. This plot shows the ratio of the scintillation level to t he Bragg peak vs. the 
distance from the Bragg peak. T he purple dotted line is from the SRJM simulation. T his 
shows that t he scintillat ion energy is highly non-linear to t he stopping power or dE / dx in 
Xe gas. 
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was strongly emphasized as the amplification voltage increased. This means that the de-
tection threshold can be cleanly and manually controlled by the amplification voltage so 
that the Dark Matter-induced nuclear recoil would trigger the system, where the typical 
background noise such as beta or 1 rays would be way below the threshold limit, and the 
detector would be free from those backgrounds. In the future, we are certainly interested 
in applying this idea to our inelastic Dark Matter search. 
Chapter 6 
Preparations for the Background Neutron 
Detection Experiment 
6.1 EMCCD and PMT Dual Readout System 
After the preliminary study of the Xe gas application with our prototype Dark Matter 
detector, we began improving it with the use of PMTs. The use of PMTs is beneficial in 
two ways; first , we can use the signal from them as a trigger for the image capturing sys-
tem, and second, we can use them to obtain vertical information about the particle tracks. 
The picture presented in Fig. 6.l(a) is the new image capturing system for our prototype 
detector. The lens used was the Schneider Xenon 17/0.95 lens, mounted onto the EMCCD 
via the C-mount. Six Hamamatsu R7400U-20 PMTs surround the lens- one is designated 
for the trigger signal, and the remaining five are connected in a linear fan-in/ out fashion 
and used to record the PMT signal of the part icle t racks. These PMT are made for use in 
Visible to Near IR range, with enhanced quantum efficiency in the red region. The solid 
red line in Fig. 6.l(b) represents the quantum efficiency of those tubes. 
Prior to the use of the PMT as a trigger, we utilized the EMCCD camera in a single image 
continuous exposure mode, which means that the exposure occurs continuously followed 
by a complete flushing of the CCD chips in order to keep the image clean. Although it 
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Figure 6.1: (a ) An EMCCD and PMT dual readout setup. The Schneider Xenon 0.95/ 17 
lens (under the plastic cover) is surrounded by six Hamamatsu R7400U-20 red-sensitive 
PMTs. (b) Hamamatsu PMT quantum efficiency (Hamamatsu). 
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rate neutron sources such as the 252Cf or neutron generator that we used at MIT, this mode 
creates too much dead time and produces too many blank frames that contain no actual 
particle track. Thus, from the particle track recognition point of view, it was necessary to 
improve the PMT triggering system so we could operate t he detector in a background run 
without losing too much data storage space or coping with too much dead time. 
In this setup, five PMTs were connected in parallel to add the P::-..IT signal . Each Pl\IT 
has a light sensit ive area of about 1 em in diameter. Summing up the five tubes, the total 
surface area became roughly 40 % of the Schneider 17 mm lens, making it possible to obtain 
enough light from the particle t racks. The single PMT that was designated for a trigger 
was connected directly to a preamplifier and amplifier (Ortec model 925-SCI T) . Then 
the pulse went through a discriminator to distinguish signal pulses from electronic noise 
or spark events. Finally the signal went through a gate (LeCroy model 222 Dual Gate 
Generator) to send a 1 J.LS width TTL signal to both EMCCD and oscilloscope. When 
the EMCCD received this TTL signal, it began the image recording procedure for a pre-
designated exposure time as specified by the user . The TTL signal sent to an oscilloscope 
was used as a trigger for the signal from the sum of the five PMTs. The digital oscilloscope 
was a LeCroy Wavesurfer 452 which ran on a Window operating ystem (see Fig. 3.2) . 
One of the main issues was the matching of the EMCCD image and Pl\IT pulse signal for 
each particle t rack. Although both the EMCCD and oscilloscope receive the same TTL 
pulse the data processing speed of each device varies and the number of PMT signals 
saved is greater t han that of the EMCCD images. This is because the computer that is 
processing the EMCCD requires roughly half a second to be ready for the next exposure 
in a continuous data saving mode. 
In order to match the data files from EMCCD and Pl\IT , we decided to use the time stamp 
created by the operating system. For an accuracy of ± 1 second or more, we connected a 
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Clock Watch Cell Sync device from Beagle Software to both computers. This device re-
ceives a time synchronization signal from the CDMA every second and synchronizes both 
computers' times. During the file-matching process , one of the most important criteria was 
that two files ' (one from EMCCD, and the other from PMT) time stamps were less than 
1 second apart and that there 's no other match within this ±1 second. 
6.2 Two Experiments for the B U Prototype Chamber Quan-
tification 
Before starting any data measurement with this new EMCCD and PMT dual system, I 
carried out two experiments in order to better understand the sparking problems and EM-
CCD and PMT signal correlation techniques. One was to better understand why and when 
discharge events happen in the amplification region and if there was a way to avoid such 
events. The other was how to construct the previously missing vertical dimension data of 
the particle tracks, which is now saved as a PMT data. 
6 .2.1 Spark Experiment 
Sparking events in the amplification region have always been one of our greatest concerns. 
In a typical amplification region, the spacing is the order of hundreds of micrometers, and 
we would like to apply as much voltage as possible in order to achieve a high electron gain . 
Stretching the mesh as well as we can is of course the number one priority. That being 
given, the applicable voltage also varies depending on the pressure and type of gas used in 
the detector. Thus, for any gas composition and pressure, we always seek t he maximum 
applicable voltage without constant sparking events. When the detector was subjected to 
copious numbers of fast neutrons in the nuclear physics lab at MIT , the rate of sparking 
jumped up. This suggests that there could be some sort of connection between the number 
of heavy ions in the amplification region and the number of spark events. In order to verify 
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Figure 6.2: Schematics of the spark event test setup. 
this hypothesis, I carried out a park test using an 241 Am a source with a rate of about 
5 Hz, placed at different location in the 40 torr CF4 gas chamber. 
The 241 Am source was placed at 4 different distances from the amplification region - 3 em, 
10 em, 20 em, and 29 em ( ee Fig. 6.2). In 40 torr CF4 gas, the range of typical 4.7-
4. MeV a particles from our 241 Am source is about 24 em , and the Bragg peak sits at 
about 20 em (see Fig. 6.3). At the first three locations, the a particles have enough range 
to actually hit the amplification region, especially the one at a distance of 20 em. and the 
Bragg peak of the helium nuclei occurs at the amplification region. In the last setting. 
the 241 Am ource was placed at a location further from the amplification region than the 
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Figure 6.3: The SRIM simulation of the typical 4. !vleV energy a particle range in a 
40 torr CF4 gas. 
direct collision of the helium ion within the amplification region. However , the ionization 
electrons from the path of the a particle are expected to reach some small local area of 
the amplification region. For this spark experiment, I also used two different amplification 
voltage setting, one is the standard detector running voltage of 620 V, with which we have 
good electron gain for the scintillation with a manageable spark rate on the order of 0.1 %. 
The other voltage setting I used for this experiment was 540 V, which is way below the 
standard voltage we use for the chosen amplification spacing of 530 J-Lm and almost never 
causes a discharge event in the amplification region in normal conditions. 
My underlying assumption for t he causes of sparking events was a combination of heavy 
ion and/or swarm of ionization electrons bombarding the intense electric field amplification 
region. The first conclusion comes from the comparison of the spark rate when there is no 
a source inside and when it is placed so that the a particles are emitted horizontally. At 
the standard voltage of 620 V, the spark events occur at a typical rate of 0.1 Hz due to 
the radioactive background of the material inside the chamber itself. Thi is unavoidable 
unless one uses material that is low radioactive. When the 241 Am was placed at 3 em 
below the amplification region with the horizontal emission of a particles, there was a very 
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a direction 
a Travel 5-tOV (tnt) 620V (standerd) When No C.thode Voltage 
Dlstenc:e Anode Voltage Anode Voltage (with 620V Anode Volboge) 
3cm 0.60'11. 100% 100'Mt 
10an 2.23"' 100% 100% 
Verical 
20an 100'Mt 100% 100% 
29an No Spark (0.003"'1 1~ No SpaB (no actual nurmer) 
Horizontal 3cm (NIA) 0 17"' (N/A) 
(No a Source) (N/A ) (N/A) 0.1~ (N/A) 
Figure 6.4: The spark test data outcome. Values in the 2nd column, ., a Travel Di tance," 
correspond to the a source location described in Fig. 6.2. " 100 %" means the spark event 
always occurs. The other values (in %) correspond to rates in Hz. 
slight increase of the spark rate. This is because the a particles' angle of emission past the 
collimator is about ±11 o . and with the range of as being greater than 20 em, orne of the 
a particles may end up entering the amplification region. 
Secondly, this can be seen by comparing the spark rates of all settings at the voltage of 
540 V (see 2nd and 3rd columns of Fig. 6.4). When the 241 Am source was placed at distance 
greater than the a particles' range, the spark event was essentially negligible as much as 
no source was int roduced in the detector. However, for those settings where the distance 
is less than the range of a particles (3 em , 10 em, or 20 em) , one can observe an increase 
of the spark rate even at such a low voltage setting. This leads to the conclu ion that 
nuclei collision to the amplification region could easily t rigger the discharge event . In the 
comparison of the spark events in this column, we have also noticed that the spark rate 
changes depending on the distance the a part icles travel. On top of what we just di covered 
above, we learned that it is not only the nuclei collision , but also its energy lo makes a 
difference in the spark rate. With such a relatively low voltage, when the 241 Am source 
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was placed at 20 em of distance so that the Bragg peak occurs right at the amplification 
region, the discharge or spark occurs continuously. This conclusion offers strong evidence 
that the spark events are strongly correlated with how much energy is emitted by a moving 
ion in the intense electric field region. 
Thirdly, the 4th column in Fig. 6.4 (620 V of applied voltage) implies the strong involve-
ment of the ionization electrons in the spark events. At the standard voltage of 620 V, 
the electric field in the amplification region is very intense in order to reach a good com-
bination of high electron gain and a manageable spark rate when there is no radioactive 
source inside the chamber. At this voltage setting, the location of the 241 Am source makes 
no difference in the spark rate provided the a emission targeted towards the amplification 
region . At a distance of 29 em, there is no way the heavy helium ion could have reached 
the amplification region; however, the spark events occurred continuously, which indicates 
that the local swarm of ionization electrons can also trigger discharge events at the de-
tector's regular running voltage settings. This is also backed up by the experiments li ted 
in the 5th column in Fig. 6.4, where the cathode voltage was turned off. In this column, 
there is no drift electric field; thus, the ionization electrons from the particle tracks merely 
drift around and do not cause any intense local electron bombardment in the amplification 
region. 
From this experiment, we learned more about the involvement of heavy ions and ionization 
electron collisions in the intense electric field region. This experiment explains why the rate 
of sparking jumped up when the fast neutron source was introduced into the detector. The 
energetic neutrons continuously collide with the atoms of the material inside the chamber, 
releasing copious numbers of heavy ions hitting the amplification region. Therefore, in the 
process of chamber construction, it becomes very important to employ material that is 
high in radiopurity in order to reduce the chance of sparks in standard detector running. 
Using material with smooth surfaces and constructing mechanically superior amplification 
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systems contributes to making a good system with lower and almost negligible park event 
rate; however , it is impossible to reduce the rate to zero because of the involvement of ions 
and electrons in the spark events mentioned in the above conclusions. 
6.2 .2 Correlation Experiment 
Another small experiment that I have carried out was the analysis of the combined data 
from the EMCCD and PMT. A previou ly stated, the 2D image of the CCD data only 
give data of the projected particle tracks onto the amplification region. In order to recon-
struct the full 3D structure of the particle tracks, it is necessary to utilize the data obtained 
by the PMT. For this experiment, I have used the same 241 Am a source u ed previously 
but placed them in several different angles and directions, and analyzed the correlated data 
set obtained by the EMCCD and PMT. 
The 241 Am a source was placed at either 3 em or 17 em away from the amplification re-
gion. At each location , the source was placed so that the angle of a particle emi sian with 
respect to the amplification region took on three different values: 0° (horizontal), 45°, and 
60° (see Fig. 6.5). Those particles moving with an angle from the source placed at 3 em 
from the amplification region are moving away from the amplification region, and those 
that are at 17 em of distance from the amplification region, the a source was placed so 
that a particles t raveled towards the amplification region with angles. The objective of 
this experiment was not only to learn about the correlation of the data sets, but also to 
Jearn and verify the electron drift velocity in the 40 torr CF4 gas. The following are the 
examples of correlated data of EMCCD particle track image and PMT pul e (see Fig. 6.6, 
6. 7, and 6. ) . Time runs from the top to the bottom of the PI\ IT ignal view on the right 
ide. A green dot indicates the beginning of leading edge. and a yellow dot points to the 
end of trailing edge of the pulse. 
·-·········-··· ··· ···-····-··················· ·-·· · ······· ·····-·········· Arlode (+-620V) ·-•••••••••-•••••••••••••••••••••••••••••••••••••-•••••••••••••••••••••••••• G id (OV) 
Horizontal a emission 
/ 60° a emission 
45° a emission 
············-································································•tCatt\ode (·2500V) 
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Figure 6.5: The setup for the PMT pulse study with an 241 Am a source in a pure 40 torr 
CF4 gas. Three angles of incident were chosen: 0° (horizontal) , 45°, and 60° . For each 
angle setup, the a particles were set moving both upward and downward. 
(a) (b) 
Figure 6.6: The horizontal a emissions with (a ) 3 em and (b) 17 em electron drift distances. 
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(a) (b) 
Figure 6.7: The 45° angle a emissions a emissions with (a ) away from and (b ) towards 
the electron amplification region. 
(a) (b) 
Figure 6. : The 60° angle a emissions a emissions with (a ) away from and (b ) towards 
the electron amplification region. 
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The real size of the El\ICCD view is the same as before- roughly 30 em by 30 em. On 
the right side are the Pl\IT signals recorded on the oscillo cope, and the time run from 
the top to the bottom of the view. The first two image sets show very fast signals from 
the PMT (see Fig. 6.6). This is because the actual ion velocity is much greater than the 
electron drift velocity, so when the a particles are travelling horizontally, the time we mea-
sure from the o cilloscope is the time it takes for the ion to travel before it come to rest. 
But in comparison to those horizontal particle motions, the angled particle tracks show 
much longer pulses in the oscilloscope, which is due to the slower electron drift velocity. 
As one can see from the images in Fig. 6.6, 6.7, and 6 .. another important aspect of the 
PMT signal is that when the a particle is moving away from the amplification region , 
the maximum pulse height occurs at the end of the light emission. When the particles 
are moving towards the amplification region, this maximum pulse height happens at the 
beginning of the pulse. This is due to the Bragg peak of the dE/ dx and the timing of 
when it happened. When the a particle is moving away from the amplification region , 
most of the ionization electrons before the Bragg peak would already reach the amplifi-
cation region before those from the Bragg peak. On the other hand, when the a particle 
is moving towards the amplification region, because the ion velocity is much faster than 
the electron drift velocity, that greater swarm of electrons from the Bragg peak reaches 
the amplification region before the electrons that were created at earlier times but are still 
drifting through the gas to reach the amplification region. Fig. 6.9 is a scatter plot of 
the projected track lengths in centimeters vs. PMT pulse widths which is multiplied by 
the electron velocity, so that the units match. The electron drift velocity is discussed below. 
In Fig. 6.9. the red and blue marker represent horizontal a particle track . Yellow and 
black are for the 45° of emission, and light blue and light green are for the 60° angle of a 
emissions. As in the previous experiment, the opening angle of the a emission through the 
collimator is ±ll0 • This uncertainty of the emission angle gives the width of each angle's 
band. The PMT width data recorded in each file is on the order of micro econd. Mul-
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Figure 6.9: Red and blue markers are the horizontal a tracks with drift distances 3 em and 
17 em respectively. Yellow and black markers are 45° angled a tracks with the starting 
drift distance of 3 em and 17 em respectively. Light green and light blue markers are 60° 
angled a tracks with the starting drift distance of 3 em and 17 em respectively. 
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tiplying this number by the electron velocity, which is gas type and pressure dependent, 
gives the particle·s vertical track length. Some of the angled particle tracks typically seem 
to have shorter track lengths (especially the ones at a 60° angle moving away from the 
amplification region). This is due to the collimator material's disturbance of the electron 
path. In this experiment, I used an aperture of 20 J.Lm in diameter at the center of circular 
structure of 30 mm in diameter. Thus, when the emi ion is tilted to an angle of B. the first 
'15 mm· sin B of the particle track is blocked by the collimator itself. Also , compared to 
when the a particle source is placed at 17 em from the amplification region (which is closer 
to the EMCCD camera), when placed at 3 em location, the collimator stands between the 
amplification region and lens and blocks the scintillation path more noticeably: thus, it 
makes the tracks length seem horter than the other cases. While attempting to acquire 
the electron drift velocity, I needed to take this effect into consideration. Once that was 
done, I looked for the drift velocity coefficient that makes the a particle track length , which 
is obtained by the square-root of projected length squared plus vertical length squared, the 
most uniform for any a emi ion angle by making the best fit for it. By doing so , I have 
concluded that the electron drift velocity is "'11 em/ J.LS in 40 torr CF4 gas. This outcome 
agrees with the suggested value of electron drift velocity suggested by Christophorou et al 
(Christophorou et al.. 1996) . In any gas combination for this detector , it is crucial to know 
the electron drift velocity for reconstructing the full 3D particle track information. 
6.2 .3 Electron Diffusion Effect on EM CCD R eadou t 
From this experiment, I also obtained the information necessary to quantify how the elec-
t ron drift distance affected the total energy recognized by the particle track finding pro-
gram. As electrons drift in the field cage's drift region , the particle tracks lose their energy 
intensity because the light intensity of the edge of the particles goes below EMCCD's 
background level. Determining the boundary between particle tracks and background level 
depends solely on the parameter (Gaussian blur and thre bold value ) we use when run-
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ning through the data. When a particle track occurs close to the amplification stage, and 
the electrons have very little distance to travel before reaching the grid mesh, t he total 
energy of the particle track recognized by the computer program becomes higher than the 
case when a particle track occurs far away from the amplification region (see Fig.6.6) . This 
effect is unavoidable in the optical-TPC technique we use with an EMCCD (or a regular 
CCD) camera. Fig. 6.10 compares the typical projected range vs. energy distribution of an 
241 Am a: particles traveling horizontally with an electron drift distance of 3 em and 17 em 
measured by the EMCCD (see Fig.6.5 for the detailed setup). Compared to the energy 
deposited recognized for the 3 em of electron drift distance case, the 17 em drift distance 
shows approximately 18 % less energy recognized for the same range of a: particles. As 
I explained earlier, our DMTPC technique uses both an E~ICCD (or regular CCD) and 
PMT for the particle energy readout. Unlike the EMCCD readout, the PMT readout 
information would not be affected by such an electron diffusion effect (see Fig. 6.10 and 
Fig. 6.11) because the PMT data does not have to go through any background subtraction 
procedure. and any smear of particle tracks due to the electron diffusion does not contami-
nate the total number of photons captured, so the P~IT information is also a very valuable 
measurement of particle tracks' energy deposit. However, in order to fully understand the 
particle tracks' energy-spatial information, including the direct ionality, the data obtained 
by an EMCCD is crucial: t hus, fully quantifying both the E~ICCD and P~IT data together 






Figure 6.10: Horizontally moving a particle measurements by EMCCD. Red and blue 
markers represent the electron drift distance of 3 em and 17 em respectively. (a) Scatter 
plot of 2D projected length vs. energy. (b ) Histogram of the energy measured by the 
EMCCD. 
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Figure 6.11: Horizontally moving a particle measurements by PMT. Red and blue markers 
represent t he electron drift distance of 3 em and 17 em respectively. (a ) Scatter plot of 
vertical length vs. energy. (b ) Histogram of the energ)' measured by the PMT. 
Chapter 7 
Thermal Neutron Measurement with BU 
Prototype Chamber 
7.1 Thermal N eutron Absorption of 3H e 
Once the prototype Dark Matter detector with both EMCCD and PMT readouts was es-
tablished and well understood, we decided to mix some 3He gas with the 40 torr CF4 gas 
in the chamber. Because of its stability and enormous cross section with slower neutrons 
(see Fig. 2.9), 3He gas has been used in many nuclear physics applications despite its very 
high price. The cross section of the slow neutron absorption events by 3He atoms increases 
as the energy of the incoming neutrons goes down. On the Earth, neutron are found 
everywhere; some are due to the cosmic rays and others are from radioactivity in rocks and 
soil. After bouncing around, many neutrons end up with an energy consistent with room 
temperature. T hey are called thermal neutrons. The typical energy of thermal neutrons 
at room temperature is ]0 eV, and the cross section of such low energy neutrons with 
3He 
is 5333 barns. When such a slow neutron interacts with 3He, it gets captured and goes 
through the following process. 
n° + 3He::::} p + + T + + 764 keY 
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Figure 7.1: A SRIM simulation of t he P +T ranges in a gas mixture of 40 torr CF4 and 
100 torr 3He in the CM frame. A triton start s losing its energy at its maximum rate from 
the beginning. On the other hand, a proton goes through the Bragg Peak. 
in a back-to-back ejection in the CM frame with the total given kinetic energy of 764 keY. 
When a slow neutron is captured, t he CM frame is the same as the lab frame. Thus we 
observe a single path that consists of a proton and triton moving away from each other. 
The data from the 3He gas mixture is very useful for calibrating the detector. 
Once a thermal neutron is captured by 3He, the proton acquire ,.,_,570 keY of kinetic en-
ergy, whereas the t riton receives "'190 keY. For the initial experiment with 3Hc, we used 
a gas mixture of 40 torr CF4. and 100 torr 3He gas in the prototype Dark Matter detec-
tor, and the ranges of t he proton and tri ton under such conditions are ,.,_,7 em and '"'"'3 em 
respectively as shown in Fig. 7.1. Thus in t he E~ICCD projected t rack image, we would 
obtain a t rack line of 10 em or le s depending on how horizontal the two tracks are relative 
to the surface of the EMCCD image plane. 
Fig. 7.2 is an example of such thermal neutron capture event . Gaussian Filtering is used 
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(a) (b) 
Figure 7.2: An example CCD image that contain a typical P +T back-to-back track in a 
gas mixture of 40 torr CF4 and 100 torr 3He. A Gaussian filter is applied to those track 
images for visual integrity. 
in tho e images in order to visually emphasize the proton and triton t racks. The thermal 
neutron event occurs where the light level is low and right next to the horter t riton track 
on the left side. The kinetic energy given to t ritons in this type of events is lower than 
the Bragg Peak energy; thus, the tritons' stopping power continuously decreases until they 
come to rest. On the other hand, the protons will go through their Bragg Peaks, so the 
energy lo s per unit length reaches a maximum right before they come to rest . As will 
be explained more in detail later, the energy threshold of the PI\IT for the trigger of the 
system is a low as "'50 ke V. However, in order to get useful information from the cap-
tured particle track images, the light level obtained by the EMCCD chips needs to be high 
enough so that the particle tracks stand out above t he chip ' background level and for 
the track recognition program to be able to identify the individual particle tracks. The 
threshold of particle recognition in the EMCCD images in this particular 3He gas mixture 
is about 1 0 keY with the prototype Dark Matter detector. At lower energies, it become 
very difficult to identify particle above background level while maintaining a good sense 
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of directionality and the shape of the tracks. 
7. 2 Thermal Neutron Data Measurement 
A mixture of 40 torr CF4 and 100 torr 3He gases was introduced into the prototype detector 
on August 21st, 2009 for background data taking. The detector was placed inside the dark 
box to ensure that there was no light leaking into the chamber. The detector was placed in 
a laboratory on the 4th floor of the Physics Research Building at Boston University, which 
is about 20m above sea level. The building is five stories high. Data taking continued until 
March 5th, 2010, which adds up to a little less than 200 days since the fir t day of data 
taking with the same gas inside the detector being untouched. The following are examples 
of the correlated EMCCD and P MT images of typical thermal neutron capture events (see 
Fig. 7.3), followed by some images of fast neutron capture events (see Fig. 7.4) . 
As previou ly stated , t he dimension of the EMCCD image on the left ide in each view is 
about 30 em by 30 em. The time runs from top to bottom on the right side Pl\IT signal 
in the oscilloscope. The green dot at the top of the ignal indicates the beginning of the 
leading edge as recognized by the t rack finding program, and the bottom yellow dot points 
to the end of trailing edge. The pul e width is calculated by subtracting the leading edge 
t ime from the trailing edge time. The blue dot is designated to the maximum pulse height 
of the entire t rack. In this view, the PMT signal scale is about 5 {tS from the top to 
bottom. Although it is challenging because the scintillation signal is lost when the particle 
travels across the 530 {LID of the pacer material , technically we should be able to iden-
tify whether the proton is moving upward or downward, which is equivalent to the triton 
moving downward or upwards respectively, by identifying where the blue dot is located for 
those P + T moving back-to-back cenario . If the blue dot lies in the beginning half of the 
signal, this means that the proton is moving toward the amplification region; thu in this 




Figure 7.3: Examples of correlated EMCCD images and PMT signals of P+ T back-to-back 




Figure 7.4: Examples of correlated EMCCD images and PMT signals of P+T tracks in 





Figure 7.5: Examples of correlated EMCCD image and PMT signals of the background a 
tracks in a gas mixture of 40 torr CF4 and 100 torr 3He. 
amplification region if the blue dot is found in the other half. In some rarer occasions, we 
also observed P+T tracks, but not quite back-to-back as shown in Fig. 7.3. Those are due 
to fast cosmic ray neutron events (see Fig. 7.4) . 
During the data taking, the greatest background is t he a particles coming from the inner 
structure of the detector. Tho e are typically the decay products of the metals u ed in 
the field cage, anode plate, cathode and grid mesh and even the inner wall of the vacuum 
chamber itself. The tracks in Fig. 7.5 are examples of uch background a particles. 
Both EMCCD and PMT signal images are in the same scale as tho e from the thermal 
neutron events shown in Fig. 7.3 and 7.4. One can also tell the vertical direction of the a 
particles by finding the maxjmum pulse height location (blue dot) either at the beginning 
or the end of the PMT signal. Another type of background part icle is the 'Y ray. However, 
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the amount of energy a 'Y ray lo es per unit length due to the interaction with the gas 
molecules and atoms is typically lower than the PMT threshold, and the majority of them 
are not even recognized . Even though some managed to trigger the system, the EMCCD 
track finding program will not recognize it as a particle track because it is as low as the 
background level and cannot be identified as a track. This means that our prototype Dark 
Matter detector is essentially free of 'Y ray background, and all we have to be careful of is 
the a particle background. 
7.3 Thermal Neutron Data Result 
The total live time of this 3 He calibration experiment was 3,462 hour . Fig. 7.6 is the 
scatter plot of the first day of data taking captured by an EMCCD camera. The x axis 
is the two-dimensional projected track lengths of the particles onto the anode plane in 
centimeters, and the y axis represents the amount of total light captured per track in the 
typical counting unit of a CCD camera, ADU, or Analog to Digital Unit. Compared to 
the previous runs without mixing 3He gas, it is obvious that there is a clump of partial 
and full tracks from the thermal neutron events. As mentioned above, the energy given to 
a proton and triton pair by such an event is always 764 keV, which in this scatter plot is 
roughly equivalent to rv75,000 ADU level. 
In Fig. 7.6, the proton plus triton tracks that are fully contained within the region of the 
detector lie horizontally in the "'75,000 ADU region. Those with shorter projected length 
indicate that they have a vertical component, which cannot be identified just by this cat-
ter plot. One can also find a fairly linear band of projected length v . total ADU level. 
This band of t racks is from those partially contained proton plus triton tracks in the anode 
region of the detector. Those backgrow1d a particles catter around in the whole region. 
In particular, those that are above the energy of 764 keV are extremely easy to distinguish. 
The next scatter plot contains the same particle data information, but from the PMT data. 
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Figure 7.6: A scatter plot of 2D projected lengths vs. the energy deposited (in units of the 
EMCCD's ADU value) of particle tracks in the gas mixture of 40 torr CF4 and 100 torr 
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Figure 7. 7: A scatter plot of P MT pulse widths vs . the energy deposited (in units of the 
PMT's integrated pulse height 'V·s ') of particle tracks in the gas mixture of 40 torr CF4 
and 100 torr 3He over one day of data taking. 
The x axis here represents the signal width of the triggered particles in seconds, where the 
y axis is the integrated pulse height in units of voltage multiplied by seconds. 
An amazing match can be seen between the typical shape of the scatter plots provided by 
the EMCCD and PMT. Both Fig. 7.6 and 7.7 offer the same information about the par-
ticle t racks, which aTe t he range vs. energy but in different units measured with different 
devices. The EMCCD measures t he 2D projected length , where the PMT provides the 
missing vertical length of t he tracks. One can also see the linear relationship in energy 
observed measured by the EMCCD and PMT. 
-
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Figure 7.8: The energy deposited measured by the PMT vs. EMCCD. T his shows a good 
linear relationship between data taken by t he EMCCD and PMT. 
The x and y axes in Fig. 7.8 are the energy of the particles obtained individually by the 
PMT and EMCCD camera respectively. The typical energy resolution of this prototype 
Dark Matter chamber is about 20 % for the a value. The energy resolution varies over time 
mainly due to the aging of the detector gas, which I will discuss later. Other reasons that 
contribute to the deviation of t he energy measurements are the d isturbance of scintillation 
due to t he spacer material, parameters of choice t hat mark the border between the particle 
track and background level in the EMCCD track recognition program, and parameters 
chosen to determine the leading and trailing edges of the PMT signals. 
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7.4 D etermining the 3D Full Track Lengt h 
By utilizing the pulse width data obtained by the PMT, I can extend the 2D projected 
length of the particle tracks shown in Fig. 7.6 into a proper 3D length. However in order to 
achieve this goal, a knowledge of the electron drift velocity under the given gas conditions 
is essential. The value of the electron drift velocity for a gas mixture of 40 torr CF4 and 
100 torr 3He cannot be found in any publication. The method I have chosen to take is to 
find the best fit for the scatter plot of EMCCD projected length vs. PMT vertical length 
pulse width. In a simple model, the vertical component of the particle tracks would be 
obtained by multiplying the pulse width in seconds by the electron drift velocity. In my 
attempt at doing so, I took the electron drift velocity as a variable and searched for the 
minimum value of the spread (s) of the expected proper length under the assumption of 
the Gaussian distribution. In a simple model, 
proper length = J(projected length) 2 +(pulse width x Vdrift)2 
where vdrift is the anticipated electron drift velocity in units of cmjs. The advantage of 
this approach is that the result is much less affected by the change in gas quality over time. 
Fig. 7.9 is the result from such an attempt. By analyzing all appropriate correlated data 
of the EMCCD and PMT information, I have come to the conclusion that the electron 
drift velocity in such gas mixture is 3.5 em/ f.LS. Fig. 7.10 shows the corrected horizontal vs. 
vertical particle tracks with the chosen electron drift velocity in this particular gas mixture. 
Once I acquired the correct electron drift velocity for this gas mixture using the method 
discussed above, I used the PMT data to correct the 2D projected length vs. energy de-
posited scatter plot seen in Fig. 7.6. Fig. 7.11 shows the modified version of Fig. 7.6 with 
the estimated proper track lengths, and Fig. 7.12 presents the magnified image of the P + T 
tracks distribution in the scatter plot (both partially- and fully-contained) . Here, the x-axis 
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Figure 7.9: A polynomial fit was applied looking for the minimum a fluctuation of the 
proper length, having the drift velocity as a variable in the x-axis. The least a means the 
fluctuation of the proper length is at its minimum; thus, the clump of t he 764 keV tracks 
is t he tightest. 
is for the proper length of the particle tracks, while the y-axis is the energy of the particles 
repre ented in ADU. One can see that the corresponding tracks of many data points t hat 
had the vertical component have shifted to the right in the scatter plot, and it ended up 
with a much denser clump for the 764 keV of proton plus triton tracks band for both fully 
and partially contained. Fig. 7.13 shows the superposition of the expected range-vs.-energy 
distributions of the ion/recoil tracks predicted by SRJM simulation on our corrected data. 
Although the partially-contained P+T band would not perfectly align with a single proton 
range vs. energy plot, Fig. 7.13 shows a good match of the data and simulation. 
7.5 Change of Gas Gain and Energy Threshold 
When the gas is placed into the vacuum prototype chamber, it age over time and the 
scintillation efficiency goes down. There are everal factors that contribute to this aging 
of the gas, but the residual impurity left in ide the chamber and outgas from the material 
40tonCF4 .. 100tont-te3 
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Figure 7.10: A scatter plot of the projected vs. estimated vertical particle t rack lengths. 
Once the electron drift velocity is properly chosen, the full 764 keV tracks should make a 
quarter-circular shape with the full length of rv lO em. 
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Figure 7.11: T he modified scat t er plot with the estimated proper lengths vs. t he energy 
deposited (in units of t he EMCCD's ADU value) of par ticle tracks in the gas mixture of 
40 torr CF 4 and 100 torr 3He over one day of data taking. 
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Figure 7.12: The magnified version of the previous scatter plot (see Fig. 7.11) with the 
estimated proper lengths vs. the energy deposited (in units of the EMCCD's ADU value) 
of particle tracks in the gas mixture of 40 torr CF4 and 100 torr 3He over one day of data 
taking. The dense clump at the length rv9 em (or rv60,000 ADU) are the fully-contained 
P + T tracks. Points with shorter length (or smaller ADU values) are partially-contained 
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Figure 7.13: T he modified scatter plot superimposed with the SRIM simulation of the 
expected particle ranges of a proton, helium, carbon , and fluorine ions. 
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Figure 7.14: The change of gain over time measured by the EMCCD and PMT. We used 
the 764 keY of P+T tracks energy as a calibration. There was no data acquisition on days, 
such as 140, where the plot seems to be missing data. For clarity. error bar are not shown. 
used are chiefly responsible for the degradation of the gas quality. In order to minimize the 
chance of residual impurities, we specifically use high vacuum components, including the 
vacuum chamber itself. When the experimental vacuum chamber is empty, the chamber 
pumps down to a very high vacuum pressure on the order of 10- 7 torr. However , once all 
necessary components are introduced into the chamber, the minimum achievable pressure 
goes up by at least factor of 100. This i due to the outgassing effect from all the material 
inside. The only way to minimize the effect from outgas is to keep pumping out the cham-
ber as long as possible while simultaneously baking out the chamber and component at 
the same time. The degradation of the gas lowers the scintillation efficiency of the particle 
tracks. Fig. 7.14 shows the change of the scintillation gain over time for the above gas 
mixture of 40 torr CF4 and 100 torr 3He. 
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The rate of gas degradation tends to slow down as time passes. During the first month of 
data taking, t he gain loss measured by the PMT is much steeper than that by the EM-
CCD camera. This is mainly due to the automated particle track finding program. The 
background level does not change over time, while the actual particle track scintillation 
degrades over time. Thus, in effect, the gain loss analyzed through the EMCCD data slows 
down as shown in Fig. 7.14. On the other hand, the integrated pulse height measured 
with the PMT has very li ttle effective background compared to the case of the EMCCD: 
thu , the Pl\IT gas gain depends most strongly on gas quality. Another important fact 
one can see in Fig. 7.14 is t hat at one point, the gradual decrease in gain of the El\ICCD 
data surpasses that of the PMT. This is caused by aging of the EMCCD chip. This aging 
effect of t he EMCCD chip is a well-documented phenomenon. When the photoelectrons 
are multiplied in the Electron Mult iplying register of the camera, some electrons get stuck 
in the register potential well over long periods of use. Tllis lowers the capability of the 
EM gain of t he camera, and causes the ADU level for each track data outcome to de-
crease. The rate of the EMCCD chip aging varies by the usage: duration, light level, 
EM gain parameter , etc. In our data, I concluded that roughly 10 % of the gain loss in 
the EMCCD data is due to the aging effect of the camera itself. The gain loss due to 
the gas degradation also influences the energy threshold of the measurement. Fig. 7.15 il-
lustrates the change in the energy threshold measured by the EMCCD and PMT over time. 
As mentioned above, t he background subtraction in acquiring the integrated pulse height of 
the PMT data is very minimal; t hus, the change in gain measured is more directly related 
to the actual change of the gas degradation. The parameter set for the EMCCD particle 
track recognition program has a fixed value; therefore, it makes sense that the threshold 
value of the particle recognition does not change over t ime. However. the actual value of 
the light level measured would of course be lower as shown in Fig. 7.15 in the gain change 
plot . 
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Energy Threshold for thermal neutron events in 3He gas mixture 
0 100 1SO 200 
Gas Age (day) 
Figure 7.15: The energy threshold and its change over t ime of the prototype DM detector 
used as a thermal neutron detector in the specific gas mixture setting of 40 torr CF4 and 
100 torr 3He. Compared to the stable threshold level of the EMCCD program recognition, 
the PMT threshold keeps increasing over time due to gas gain loss until it comes to a 
saturation level. 
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Fig. 7.16 is the polar angle distribution of the direction of the proton plus triton ejections 
from the thermal neutron capture events. 0° mean that the interaction occurred com-
pletely horizontally and 90° indicates that it was vertical. The resolution of this polar 
angle data is ±9° . Due to the rigidity of how the track recognition program defines the 
boundary of the particle t rack above the background level in the EMCCD image, and lead-
ing and trailing edges from the PMT signals, it is very difficult to define any particle as 
perfectly horizontal or vertical. Also, I need to point out that some of the tracks used for 
this analysis could have come from the elastic collisions of the 3He nuclei with neutrons; 
however, a mere comparison of the cross ections indicates that the neutron ab orption 
events are at least 1,000 times more likely to occur than the elastic collisions, o this effect 
should be very minimal. As also can be seen from the distribution of the thermal neutron 
events in the projected vs. vertical track lengths plot (see Fig. 7.10), I anticipate that 
we are missing some of the vertical tracks due to missing triggers. Under the assumption 
that proton plus triton tracks from the thermal neutron capture events would travel in all 
radial directions equally, I estimate that the data set is missing approximately 13.5 % of 
the actual events due to the reason I cited before. 
7.6 Thermal Neutron Flux 
The origin of the thermal neutrons could be either cosmic ray oriented or Earth cru t ori-
ented. Those that originate from cosmic rays reach the surface of the Earth, bumping onto 
obstacles and slowing down, and end up as thermal neutrons. On the other hand, tho e 
that come from the Earth ·s crust are the typical result of heavy nuclear decay interactions. 
It i also known that the background Rn rate has some seasonal and daily variations due 
to the u e of air conditioning or heating, and Rn is one of the heavy atom that would 
decay and emit a particles which can interact with light nuclei to produce neutrons. 
When a thermal neutron enters the detector, the mean free path (M.F.P.) of the neutron 
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Polar Angle Histogram 
Polar Angle 
Figure 7.16: The polar angular distribution of the P + T tracks in the gas mixture of 40 torr 
CF4 and 100 torr 3He. 
is 1/(n·<J) em, where n is the number density of the 3He, and <J is the capture cro s section 
of thermal neutron with 3He, which is 5333 barns ( =5.333 x IQ- 21 cm2 ) for typical thermal 
neutrons at room temperature. Assuming for the neutron fitLx (in /s/cm2). and S for 
the area of the detector (in cm2), the rate of neutrons entering the detector is N·S. The 
reaction rate is ·S·H-n·<J, where His the detector thickness (in em). The thermal neutron 
flux N is the unknown. Once the rate of capture events is known. this rate divided by 
the ensitive volume equals to ·n·<J. For the prototype Dark 1\Iatter detector filled with 
100 torr of 3He gas, this equals to ·1. 7x 1o- 2 . Fig. 7.17 is t he thermal neutron detection 
rate per volume over the data taking period. However, there are some period of time that 
data taking did not t ake place . As mentioned above, the gas degradation over t ime induces 
the lowering of the energy threshold. In order to compensate for any resulting loss of trig-
gers, I have made a correction to the interaction rate for this change in the energy threshold. 
The rate of the capture events is fairly uniform throughout the data taking period. There 
seems to be a rate fluctuation at every 2 months. There has been a publication on the 
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Figure 7.17: The thermal neutron absorption rate and its change over t ime obtained in the 
gas mixture of 40 torr CF4 and 100 torr 3He. The energy t hreshold correction has been 
applied to the rate to compensate for the missing t riggers due to the gas disintegration. 
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does not eem to match what Alekseenko, et al. concluded (Alekseenko et al., 2007, 2009). 
The typical interaction rate of 8.5xlo-6 jsjcm3 should be equal to the flux of thermal 
neutrons multiplied by 1.87x 10- 2 /em. Finally, taking into account the missing tracks in 
the triggering/analysis process that I mentioned earlier, the thermal neutron flux in the 
4th floor of the PRB laboratory at Boston University is estimated as 5.3x l0- 4 jsjcm2 . 
The prototype Dark Matter detector has shown performance with an energy thre hold as 
low as 50 keV in a pure 40 torr CF4 gas and with a great sense of directionality. Al-
though we also learned how a gas degradation affects the energy threshold or data quality. 
etc, we have not yet begun applying the gas circulation system, which will allow us to 
maintain the gas quality for much longer periods of time. The use of the P1IT minimized 
the ambiguity of the direction of the particle tracks entering the detector. Particularly 
for Dark Matter experiments with directionality, it is crucial that we tell the vertical com-
ponents from horizontal ones, in addition to the capability of telling the head-tail direction. 
Chapter 8 
Cylon: A New Direction-Sensitive Fast 
Neutron Detector 
8.1 Introduction to Cylon 
After building a BU prototype Dark Matter detector with successful directionality read-
outs using both an EMCCD and PMT, we have come to appreciate t his type of detector 's 
applicat ion as a direction-sensitive fast neutron detecting device. On top of the scientific 
application of such a device, this kind of detector could, in t heory, be utilized as a secu-
rity device which identifies fast fissile neutrons emitted by heavy nuclear materials such as 
plutonium. This application is the primary motivation behind constr ucting a new detector 
that both uses and improves upon the knowledge we already acquired by from building a 
prototype direction-sensit ive time projection chamber. We have named the new nuclear 
recoil detector in this project 'Cylon' , a new generation of direction-sensitive neutron de-
tectors (see Fig. 8.1) . 
There are several new design criteria for such a neutron detector. F irst, it is necessary to 
increase the detector's sensitivity in detecting nuclear recoils induced by fast neutrons from 
fissile materials. In order to do so, we either increase the sensitive volume of the detector 
or increase the detector 's gas pressure inside the chamber. The Cylon detector should be 




Figure 8.1: (a ) The cross sectional sketch (Wellenstein and Dushkin), and (b) the actual 
Cylon neutron detector. 
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scient ific lab. Furthermore. the use of 4He gas is an advantage for this detector because of 
the large neutron cross section with 4He at fission neutron energy region. The u e of 4He 
gas is not necessarily new to us; as I explained earlier, we already have a good amount of 
experience with such a gas mixture through our prototype Dark Matter detector experi-
ments. In order for the equipped EMCCD and PMT to be able to read out the opt ical 
signal, mixing in some ratio of CF4 gas is also essential in order to achieve the necessary 
amount of scintillation. Finally, another criterion for building such a detector is the neces-
sity of a fast t riggering system and an effective method of correlating the data from both 
the EMCCD and Pl\IT signals. This is essential to get a full understanding of the particle 
tracks. 
The basic components that constitute this new detector are the same as those of the pro-
totype Dark Matter detector. We are planning to use the same EMCCD camera because 
of its superior signal readout ability. However , one big change made to the optical readout 
system is the change of the lens. Prior to this, we have used a Schneider Xenon 0.95/ 17 
lens to go with the EMCCD camera, due to its large angle view. Although the lens was well 
matched to the task, one drawback of the lens was the drop off in light collection efficiency 
toward the edges. Another downside of this lens is its small surface area, which is only 
about 36 mm in diameter. To improve the design, we have had Schneider custom-make a 
new Cylon lens (see Fig. 8.2). The diameter of this new lens has been improved to 60 mm. 
Having set and designed the distance between the lens surface and the amplification region 
to about 36 em, this change in the surface area of the lens will result in a 180 % increase 
in t he efficiency of the light collection. 
One attempted improvement to this new Cylon custom lens is the uniformity of the light 
collection throughout the lens surface. Fig. .3 shows the amount of light collected divided 
by the equivalent PMT signals' integrated pulse height as a function of the location of the 
Bragg peak in radius from the center of the lens. An 241 Am a: source was used for this 
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Figure 8.2: (a ) The cross sectional sketch (Wellenstein and Dushkin), and (b ) the ac-


















Lens drop-off effect on the Cylon custom-made lens 
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Figure 8.3: The drop-off ratio of the light collection on the new custom made Schneider 
lens for Cylon. The drop-off effect is only within 10 % compared to the central region of 
the lens, which is a tremendous improvement. 
data, and the a emission was only single directional. Compared to the Schneider 17 mm 
lens that we have been using for the prototype detector, the light collection efficiency of 
the new lens is more spatially uniform and linear to the direction of the a particle tracks' 
emission, and there is only about a 10 % loss at the edges of the custom-made Schneider 
lens for Cylon. 
Also for the Cylon detector , we have utilized a set of new PMTs, XP2017B from Photonis 
(see Fig. 8.4(a)) . This also increased our sensitive area for collecting scintillation light. 
Compared to the old Hamamatsu R7400U-20 phototubes system, where a total of five 
were used in the prototype Dark Matter detector, the use of four new P hotonis phototubes 
increases the light collection efficiency by roughly a factor of 10. We are also pleased that 
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Figure 8.4: (a) The actual P hotonis PMT , and (b ) t he sensitivity curve of them (Photonis). 
the Hamamatsu P MT s (see Fig. 8 .4(b)) . The actual QE at the red spectrum is about 6.2 %. 
Another large improvement we have made on this neutron detector is a reanalysis of the 
electron amplification region. Previously, we used a general fishing wire 530 J.Lm in diameter 
in order to create the amplification space between the anode plate and grid mesh. In order 
to achieve a higher gain and reduce the rate of unwa nted sparking, we have reorganized the 
design of the material and surface of t he anode plate. From what we have learned so far, it 
is obvious t hat making t he anode plate surface as smooth and radiopure as possible is the 
key to achieving such a goal. Init ially, we were very interested in trying out the new super 
radiopure nickel plat ing technology; however , due to time and budget restrictions, this 
t urned to be unrealistic. In an attempt to achieve the smoothest surface available within 
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Figure 8.5: The custom-made mirror-finished copper anode plate seen underneath the 
copper grid mesh separated with the 360 J.tm diameter optical fibers as spacers. 
our budget, we looked into a mirror finish option for the surface of the anode plate. This 
amazing surface mirror polishing job was done at Marena Industries, Inc. in Connecticut. 
Fig. 8.5 presents the new amplification region of the Cylon detector. The surface of the 
copper anode plate with a 30 em diameter was mirror-finished so that the height variations 
on its surface are less than a couple micrometers. T he next improvement made to the 
electron amplification region was the choice of the spacer material and diameter. Deciding 
on t he new spacer material actually required a lot of exploration and discovery. The mate-
rial had to be somewhat flexible so that , when voltage was applied, the mesh could 'push 
down' t he spacer and keep the precise distance between the anode and grid. After some 
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study of the spacer material, we came to realize the importance of the spacer's material 
and structure. When placed in between the high voltage anode plate and grounded grid 
mesh, the spacers work as a typical dielectric medium. When the material's dielectric con-
stant is high, it gathers unnecessary amounts of charge where it touches either the anode 
or grid . This causes an increase in the spark rate, or decrease of the applied voltage before 
stable operation collapses. Therefore, we came to the conclusion that as long as the chosen 
spacer material is strong and clean enough to maintain the integrity of t he necessary space 
between the anode and grid, a hollow-shaped tube is most ideal for such an application. 
What we actually ended up using as the spacer for the Cylon neut ron detector is an optical 
fiber, Polymicro TSP250350. This is a general capillary fiber made of a fused silica hollow 
tube with an inner diameter of "'250 J.Lm, wrapped with polyimide coating material and 
an outer diameter of "'360 J.Lm . Thus, the actual spacing of the amplification region would 
be 360 J.Lm, which is an improvement from the previous 530 J.Lm of space achieved with 
the fishing wire. Because of t he smoothness of the mirror-finished anode plate and low-
ered dielectric constant value of the spacer material for reduced local electric field where 
it touches the anode or grid, we can still apply the same amount of voltage onto the anode 
plate in the same gas configuration without inducing electric discharge despite the fact 
that the space between the anode and grid has been decreased. This should give at least 
50 % more gain in t his region. On top that, the spark rate has been reduced to the order 
of 1 x 10- 4 Hz, which improves upon that of the prototype Dark Matter detector by at 
least a factor of 10. This is due to the improved cleanliness inside the chamber in terms 
of unnecessary outgassing and, in fact, means that the Cylon amplification region would 
cause sparking events at a rate of only once or twice per hour while in standard running 
mode. 
The smoothness of the anode plate surface also contributes to increasing the energy res-
olution. Fig. 8.6 is from the 241 Am a particle source, which was previously used in the 
calibration of the prototype Dark Matter detector, placed at 3 em from the amplification 
8 r 
> 4 , ... 
i 
;: 3 .. 
eo 
Cll c: w 
2 
Americium alpha In Cylon 640torr Data 
• SRIM 
0 --~--~------~------~------~-------L------~----~ 
0 20 40 80 80 100 120 140 
Projected length (mm) 
135 
Figure 8.6: The SRIM simulation and actual data of the 241 Am o: particles ranges in the 
Cylon gas mixture of 40 torr CF4 and 600 torr 4 He. Although the x-axis is the projected 
track length, tho e o: particles are emitted horizontally through a collimator and would not 
make a huge difference to the real proper length. 
region. The black dots are from the SRIM simulation. In the gas mixture of 40 torr CF4 
and 600 torr 4 He, typical o: particles from this source have a range of around 10 em. In 
this region of an a emission, the energy resolution measured with this detector is as low as 
4 % in a. This is a noticeable improvement when compared to the previously-used Dark 
Matter prototype detector's typical energy resolut ion of 20 %. Fig. . 7 also shows the 
linearity between the EMCCD and PMT signals for the a particle tracks from the same 
241 Am source. 
The field cage of the Cylon detector has also been increased to 25 em (see Fig. 8.8). To-
gether with the whole 30 em diameter of the anode plate, the sensitive volume of the Cylon 
detector has gone up to ""'1 liters, which is roughly a 40 % increase compared to that of the 
BU prototype Dark Matter detector. The material used inside the detector has al o been 
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Figure 8.7: A scatter plot of the a particle tracks energy captured by the PMT vs. EMCCD. 
This shows a very good linear relationship between signals from the two devices. 
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very carefully considered. All the necessary plastic components are made with ru1 aerospace 
engineering-grade material called Vespel SP1, which is known for its low outgassing quality. 
It is also know as a sturdy material, so we can use it as posts to support all the field cage 
rings and the amplification region. In our previous experience with the prototype detector , 
we discovered that plastics, which contain copious amount of hydrogen, can cause some 
charge-one particle backgrounds and that the resistors which separate the voltages on the 
field cage rings are horrible a particle emitters. In Cylon, we have designed hollow Vespel 
tubes that the resistors can be fitted into, so that any unfortunate a particles emitted from 
the resistors will be stopped by the Vespel sleeves and cause no visible background in the 
view of the EMCCD camera. 
While we have kept the anode voltage at 620 v, the cathode voltage is now set to 2000 v. 
This provides only 80 v / em of drift electric field. In the typical gas pressure of our usage 
of the TPC detectors, the higher the drift electric field , the smaller the electron diffusion. 
So, our initial goal was to keep the same 8Jl1ount of electric field as that of the prototype 
chamber (125 v/ cm) . However, due to the design, we could only apply 80 vj cm of electric 
field. Fig. 8.9 is the transverse electron diffusion of a particle tracks placed at distance 
of 3 em from the amplification region in the above gas mixture. The u squared value for 
the Gaussian fit is about 1.39 mm2 , and it is roughly a factor of two worse than what I 
measured for the prototype detector with 125 vjcm of electric field applied in the same 
gas configuration. This means the actual electron diffusion effect could get up to 50 % 
worse compared to what we observed in the prototype Dark Matter detector. The second 
plot shows the discrepancy between the electron diffusion values when two different drift 
electric field values are applied. This increase of the electron diffusion will unfortunately 
affect the EMCCD light level readings above t he background level in our track recognition 
progr8Jl1. 
In the voltage settings stated above, we have used two types of gas mixtures; one is the 
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Figure 8.8: The 25 em field cage rings made out of a pure copper for the Cylon detector. 
The bottom side of the lid is also covered with the same copper plate to reduce the o: 
background from the SS304 lid. All the Cylon systems are supported by the rods made of 
the Vespel SP-1 also as shown in the picture. 
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Figure 8.9: (a ) A Gaussian fi t applied onto the transverse electron diffusion of the a: 
particle tracks in the Cylon gas mixture of 40 torr CF4 and 600 torr 4He, and (b ) the 
electron diffusion result (red marker) compared to that with a higher drift electric field 
(black) . 
mixture of 40 torr CF4 and 600 torr 4 He gas, which is targeted mainly for fast neutron 
detection, and the other is adding another 50 torr 3He on top of the first gas mixture. The 
second gas configuration is once again for the calibration of the new Cylon detector with 
a sufficient number of naturally occurring thermal neutrons in t he laboratory. Now that 
the drift electric field is less than that of the previous prototype chamber , it is important 
to understand the change in electron velocity, so I started analyzing the data with the 3He 
gas mixture case. 
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8.2 Thermal Neutron Capture Event Data with Cylon D e-
tector 
8.2.1 Electron Drift Velocity 
The Cylon detector was filled with a gas mixture of 40 torr CF4, 600 torr 4He and 50 torr 
of 3He, and continuously took data for a total of 21 real days. Though some configurations 
were modified during this data-taking period, I will only use the 17-day data set with all 
the parameters fixed for the analysis here. The anode voltage was kept at 620 v, and the 
cathode voltage was at 2000 v as mentioned above, which gives 80 v / em of drift electric 
field. In order to determine the electron drift velocity in t his gas mixture, I employed the 
same method that I used previously with the prototype Dark Matter detector. Fig. 8.10 
illust rates an example of the distribution of data points in the projected horizontal vs. 
vertical lengths graph. The total range of t he proton plus triton from the thermal neutron 
capture events in this gas content predicted by the SRIM simulation is roughly 5 em. 
Using the same technique I used previously and focusing only on the fully contained proton 
plus t riton track length of around 5 em, and varying the electron drift velocity value to 
achieve t he tightest e7 in t he fit , I have determined the value of 0.865 em/ f.Lm as the best 
fit (see Fig. 8.11). Using this parameter , I can now create a scatter plot of t he particle 
tracks with t heir t rue 3D proper lengths. Fig. 8.12 shows the result over a one day run. 
The x axis is t he corrected particle track's proper length using the electron drift velocity 
obtained in the above process. In a rough comparison to the previously obtained data 
from the prototype detector, the gain has increased by 75 % or more; however , the energy 
resolution has worsened. Without any corrections, the estimated energy resolution for the 
full length 764 keY proton plus triton t racks presented in Fig. 8.12 is about 30 %. This 
is worse than that of the prototype chamber even considering the fact that the field cage 
height has been increased by 25 % and the electric field applied in the electron drift region 
has been lowered to 80 v /em in order to avoid the spark events. When I analyzed a similar 
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Figure 8.10: A scatter plot of the projected vs. estimated vertical particle tracks lengths 
in the gas mixture of 40 torr CF4 , 600 torr 4 He, and 50 torr of 3 He. Once the electron drift 
velocity is properly chosen, t he full 764 keV tracks should make a quarter-circular shape 




764KeV P+T track length clump In 40torrCF, + 600t.orr' He + SOtorr'He 
/ ,. . - - --------------------------------- ---,-- -
/ ... . 
, , I 
• , I 
~, ~ 
---------, -- ---- --- --- ---------- -- r -------
' / 
E .5!1 0.34 
~ ~ 
' I . / (/) 
' • ,' 
---------------- ,~- --- ------ ?~ --- ------ ---.. , 
' • , r .... ... _ ... -
0.32 
0.3 '------'------'------'-----___J 
7.5E+05 B.OE+OS 8.5E+05 9.0E+OS 9.SE+05 
Drift Velocity (cm/s) 
142 
Figure 8.11: The Gaussian fit was applied looking for t he minimum a fluctuation of the 
proper length , having the drift velocity as a variable. The least a means the fluctuation of 
the proper length is at its minimum; thus, the clump of the 764 keV tracks is the tightest . 
scatter plot but with the PMT integrated pulse height readings on its y axis , I would get a 
similarly bad energy resolution and data distribution. This implies that there is a spatial 
dependence of the particle energies both/either by the variations of the electron gain based 
on the location of the amplification region and/ or the new Schneider custom lens is not 
azimuthally uniform in its light collection efficiency. In the following subsections, I will dis-
cuss how to correct this effect, with the goal of increasing the energy resolution of this data. 
8.2.2 Gain Variation Problem 
Fig. 8.13 represents the value of t he Bragg peak in a color scheme (red, blue, yellow on 
the order of higher to lower light intensity) vs. x and y locations of t he Bragg peak of 
particle t racks. The reason for the large variation of the electron gain is most likely the 
difference in the gap of the amplification region in the plane of anode and grid mesh or the 
irregularity of the Cylon lens' azimuthal light collection efficiency. Although the flattest 
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Figure 8.12: The modified scatter plot wit h the estimated proper lengths vs. the energy 
deposited (in units of the EMCCD's ADU value) of particle tracks in the Cyton gas mixture 
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Figure 8.13: The distribution of the energy gain for fully-contained P+T tracks of 764 keV. 
A decreasing light intensity is color-coded from red-blue-yellow respectively. 
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done, the deviation from flatness was as large as 1000 .. because the original copper sheet 
had not been tamper released. This is about 200 J..Lm of space difference in the attempt 
of making an amplification region of 360 J..Lm. Though the polishing machinists did the 
best they could, even more unexpected warping of the plate could have occurred when it 
was sent to its final destination for mirror finishing. This was unavoidable due to copper's 
high conductivity to heat when grinding. Another factor that makes it difficult to keep the 
amplification gap uniform is the way it is installed. The anode disk is held at 4 points, each 
at 90° on its edge. The stretched copper mesh is set above the anode disk by sandwiching 
the optical fibers mentioned above as the spacer. When the disk is bent (no matter how 
small t he deflection is) and held only at 4 locations, it is not easy to keep the separation 
between the anode plate and grid mesh at all locations. On top of that, it is necessary 
to keep the mechanical tension on the spacer caused by the anode disk pressing on it as 
minimal as possible while simultaneously ensuring that the disk and mesh are separated 
by a distance as close to the diameter of the spacer material as possible. For the same 
reason mentioned above, it is not easy to achieve such a goal when the disk is held at only 
4 locations. Considering those two points, it is reasonable that the variation of the gain is 
in the shape very similar to the profile of deflection of the anode plate. When voltage is 
applied across the amplification region, the electrostatic force pulls the mesh towards the 
anode. Thus, any minor imperfection in t he spacing would be resolved by the help of this 
electrostatic force when running. However, t here are certain parts of the anode plate edge 
where the optical fiber is forced to bend and the electrostatic force is not high enough to 
resolve it; thus, the gap between the anode and grid mesh gets greater than in other areas. 
Hence the gain we observe in the central region of the view is the true gain that we would 
find when 620 v is applied to a gap of 360 J..Lm with the given gas mixture content. This 
is very important information for any future design, especially if the amplification region 
gap is as small as or even smaller than what it is now. For the Cylon detector, it is not 
easy to rebuild/ redesign the amplification region, and so this gain fluctuation by location 
needs to be resolved by data correction. 
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8.2.3 Applying D ata Correction to Improve t he Gain Non-U niformity 
In order to make this correction for the gain non-uniformity, we used the data of the 3He 
mixture run because the 764 keV emitted by all thermal neutron capture events serves as 
an excellent calibration source. We mapped out the gain variation obtained (see Fig. 8.13) 
for the fully-contained P+T track sets bin by bin, determining the average value in each 
local bin area, and normalized it to make a smooth correction factor. Fig. 8.14 is the newly 
corrected scatter plot of particle tracks' full length vs. energy measured with EMCCD from 
the 3He mixture run. The energy resolution is approximately 20 %, which is mainly due 
to the distribution of the electron drift length. Due to the smearing effect of the part icle 
tracks' width, the deposited energy recognized by the track finding program decreases as 
the electron drift length increases. 
As I have shown so far , achieving a great energy resolution with the EMCCD information 
is very difficult due to the electron diffusion effect. In order to avoid this effect on the 
energy resolution, the particle energy should be measmed with large-sensitive-area PMTs 
in our future detector. Although Cylon is equipped with four PMTs with larger total 
surface area t han that of the BU prototype detector, we could not fully achieve this goal, 
primarily due to the spatial dependence of the particle energies that I discussed in the 
previous subsections. 
8.2.4 Change of Triggering System 
Another one of the positive changes made for the Cylon fast neutron detector is its trig-
gering system. Previously with the prototype detector, we had assigned one PMT as a 
designated t riggering device using a preamplifier and amplifier. As the total surface area 
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Figure 8.14: A correction factor has been applied to the data presented in Fig. 8.12 in order 
to minimize the spatial dependence of the particle energies. The fully contained P + T tracks 
due to the thermal neutrons ab orption of 3He clump much t ighter near "'4.7 em in the 
scatter plot. 
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t rigger the system directly through those PMTs while we simultaneously acquire the sig-
nal. Discarding a preamplifier and amplifier and t he use of NIM devices minimizes the 
signal delay and also the probability of acquiring a mismatched pair of data files from the 
EMCCD and PMT. Taking all the time required to read/write data for both readouts into 
consideration, we assigned 2 seconds of dead time after each triggering by signals so that 
no new t rigger would occur before t he computers were ready to record new sets of data. 
This new triggering system eliminates a large amount of miscorrelation within the data 
files. As stated above, when we used the t ime stamps of the file created as a source of 
correlation , the average recovery efficiency was only up to 70 %. With the new t riggering 
we use with Cylon , a typical failure rate for t he file correlation is on the order of 0.1 %, 
which means t he recovery efficiency goes up to 99.9 %. 
Although this Cylon triggering system is more refined when it comes to the efficiency of 
data correlation, it is missing out the triggers for a majority of the vertical types of particle 
tracks. In the previous triggering system with the preamplifier and amplifier, the signal 
from each t rack was integrated before triggering; thus , there was no difference in trigger-
ing on horizontal and vertical particle t racks. However, when one triggers directly on the 
PMT signal, the individual pulse height along the track goes below threshold for some of 
those vert ically moving particle tracks. Fig. 8.15 shows the different PMT pulse shapes of 
horizontally and more vert ically moving a particle tracks respectively. 
Because t he electron drift velocity in t his gas mixture is much smaller than that of the 
ion motion in gas, horizontally moving tracks leave a tall and sharp pulse, which has no 
problem t riggering the system. As before, the green dot indicates the leading edge and 
the yellow dot points to the trailing edge of the P MT pulse. On the other hand, when 
the part icle moves more vertically, because of the slow drift velocity, the scintillation is 
distributed over a much longer period of time, and each pulse height per unit time gets 
very low. To ensure it is above the background level, the triggering level is kept at 30 mV. 
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(a) (b) 
Figure 8.15: The correlated EMCCD images and PMT signals of the background a particle 
in the Cylon gas mixture of 40 torr CF4, 600 torr 4He, and 50 torr 3He. The a particle 
is moving more (a ) horizontally and (b) vertically. It may be impossible to resolve the 
differences with EMCCD images alone; however , the PMT signals are clearly different 
in t he pulse width. This is because the electron drift velocity is very small in the high 
concentration of 4 He gas. 
The voltage applied to the PMT for this run was 1.4 kV. If it is higher, the trigger begins 
catching the background 1 ray level, but if lower, it would not trigger as many of the verti-
cally moving part icles . Fig. 8.16 shows the distribut ion of polar angles of the P+T tracks 
recorded by t his Cylon detector. The resolution of the polar angle data shown in Fig. 8.16 
is ±4°. Compared to the distribution of polar angles of t racks in the prototype detector 
shown earlier (see Fig. 7.16), one can see that it is missing a majority of t he vertical t rack 
triggering events. In a similar estimation done for the prototype Dark Matter detector's 
case, my approximation of the missing fraction of t riggers goes up to 37.6 % of the whole 
P +T events in this run. 
8.2.5 Thermal N eutron Flux by Cylon 
In order to identify the energy threshold of the Cylon detector with naturally occurring 
thermal neutron capture events, I focused only on those events that occurred within the 
central 10 em radius region of the anode plane, where the electron gain is fairly uniform be-
150 
Polar Angle Histogram 
90 
Figure 8.16: The polar angular distribution of the P+T tracks in the Cylon gas mixture 
of 40 torr CF4 , 600 torr 4He, and 50 torr 3He. 
cause of the uniform amplification gap. The following energy threshold plot (see Fig. 8.17) 
is for the correlated data sets, which means that the actual threshold for the PMT trig-
gering would be even lower; however , I am only interested in those correlated fi les that 
were categorized as 'with feature' by the EMCCD track analysis program. Thus in a strict 
sense, this plot is equivalent to the previously shown EMCCD 'recognition ' threshold of the 
prototype Dark Matter detector. Compared to the prototype detector 's energy threshold 
for the thermal neutron capture events, there is an improvement by a rough factor of two. 
Fig. 8.18 shows the fluctuation of the rate of the thermal neutron capture events triggered 
and recognized by the particle track recognition program. Although we could only run 
the Cylon detector with the 3He gas mixture for a shorter period of time due to our data-
taking schedule, what we have obtained is good enough to give us a good idea about the 
interaction rate. Fig. 8.19 shows the thermal neutron capture events by both prototype 
detector and this new Cylon detector superimposed in the same unit of neutron absorption 
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F igure 8.17: The energy threshold of the Cylon detector with the gas mixture of 40 torr 
CF4, 600 torr 4He, and 50 torr 3He. 
rate per unit volume per unit pressure of 3He and/ or 4He gas after the missing trigger 
correction by polar angles. Thus, as one can see in this plot, under the same conditions, 
both the prototype Dark Matter and the Cylon detectors observed the thermal neutron 
capture events with a high amount of consistency. This supports my previous conclusion 
of the value 5.3x w-4 / s/ cm2 for the thermal neut ron flux. 
8 .3 Cosmic Ray Neutron Data with Cylon as a Fast Neutron 
Detector 
8.3.1 Initial Motivation of Cylon Fast N eutron Det ector 
The primary purpose of the Cylon detector is its use for fissile neut ron detection with 
great sense of directionality. With the capability our detector can offer , it is plausible to 
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Figure 8.18: The thermal neutron capture event rate with the Cylon detector using the 
gas mixture of 40 torr CF4 , 600 torr 4 He, and 50 torr 3 He over two weeks. The energy 
threshold correction has been applied to the rate to compensate for the mi sing triggers 












Thermal Neutron Capturing Event Rate Comparison 
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Figure 8.19: The comparison of the thermal neutron capture event rates, measured with 
the BU prototype Dark Matter detector in blue (100 torr of 3He used) and the new Cylon 
fast neutron detector in red (50 torr of 3 He used). 
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as plutonium or uranium with great precision , based on the incoming neutrons' d irection 
and energy. A plutonium neut ron spectrum peaks at around 1 MeV, just like that of 252Cf 
shown earlier. In t his energy region , t he neutron cross section with 4 He atom also peaks up 
to 7 barns. When the Cylon detector is fi lled up to 5 bar of mixed gas pressure of the ratio 
CF4 :4He=1:15, the neutron detection efficiency of 4He gas goes as high as 1.8 %. Such a 
detector could ident ify more than 1 fissile neutron recoil per second from a 4kg weapon ·s 
grade plutonium located 20 m away from the detector (Ahlen, 2009) . By expanding the 
detector size up to 1 m3 , the detection rate goes as high as "'10 per second. Another sig-
nificant usage on such a detector is to identify delayed neutrons from 235U. Unlike prompt 
neutrons that are emitted as a result of a nuclear fission , delayed neutrons are emitted 
in a fraction to tens of seconds after the prompt neutrons emission in a process of beta 
decay. The typical half lives of t hose delayed neutrons from 235U are well known. By 
shooting such a uranium source with fast neutrons, we can induce those delayed neutrons, 
a technique which is called an 'active interrogation. ' I will discuss this technique at the 
end of the sect ion. 
The initial intent ion of the Cylon fast neutron detector is to run it with the gas mixture of 
CF4 and 
4He. Although it is nice to have some 3He gas mixed in, the scarcity of 3He gas 
is becoming serious, and our objective was to construct an effective fast neutron detector 
without using 3He gas. In the standard running mode of Cylon, we exploit the gas mixture 
of 40 torr CF4 and 600 torr 
4He. As stated earlier , the anode voltage is kept at 620 v, and 
the cathode voltage is at -2000 v, which gives 80 v /em of the drift electric field . T he images 




Figure .21: The nice azimuthal-angular distribution of the cosmic-ray-fast-neutron-
induced nuclear recoils over a 30 day run. 
8.3.2 Background Cosmic Ray Neutron Data by Cylon 
Unlike the case with 3He gas mixed in, I cannot use the thermal neutron capture events 
to calibrate the electron drift velocity; however , the actual diffusion value would not be 
too different from the previous case with 3He mixed in because the majority of the gas 
is 4 He, and I will exploit the value of 0.865 emf f.Lm as the electron drift velocity for this 
Cylon setup. Fig. .21 shows the azimuthal angular di tribution of the direction of the fast 
neutron induced recoils that occurred in the central 20 em diameter region over a 30 day 
run . As can be seen from it, the distribution is very uniform in all radial direction . 
Fig. 8.22 signifies the recognized particle rate of fast neutron induced recoil events. The 
electron gain decreases over time as usual due to the gas degradation: thu , the correction 
has been made so that those lower energy interactions below the energy threshold (which is 
also increasing over time) in a similar fashion to the one explained earlier. The correction 
factor of the rate of change in the energ-y threshold was acquired from the data from the 
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Figure 8.22: The cosmic ray neutron capture event rate with the Cylon detector of the gas 
mixture of 40 torr CF4 and 600 torr 4He over 30 days of data taking. The energy threshold 
correction has been applied to the rate accordingly to compensate for the missing triggers 
due to the gas disintegration. 
factor for the energy threshold. 
Shown in Fig. .23 is t he corrected particle track lengths vs. the energy deposited, with 
the superposition of both a SRil\I simulation result and the actual data from the Cylon 
detector filled with mixed gas of 40 torr CF4 and 600 torr 4He. It focuses on the typical 
nuclear recoil energy region. As previously mentioned in Sec. .2.3, the correction to the 
spatial dependence of particle energies is applied , and the outcome energy resolution is 
approximately 20 %. Based on the fit analysis from the SRIM simulation as shown in 
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Figure 8.23: An overnight Cylon scatter plot data fi t to the SRHvl simulation. This presents 
a low""medium energy region to focus on the cosmic-ray-neutron-induced helium nuclear 
recoils. 
and the remaining 6.4 % comes from either carbon or fluorine recoils. With the given 
energy resolution, it is not plausible to effectively eparate carbon and fluorine recoils. 
Taking the neutron energy of rv1 ~leV where the cro section of helium nuclei becomes 
as large as rv7 barns the average neutron interaction rate with our detector of 2. 7x w-7 
jsjcm3 puts forward to the cosmic ray neutron flux of rv l.7 x 1o- 3 j sjcm2. As mentioned 
earlier, the typical neutron flux at sea level is on the order of 1 x 106 / day jm2 , which is 
roughly on the order of 1 x 1o- 3 jsjcm2. Our result with the Cylon detector is consistent 
with this value. Given the directionality capability and sensitivity of as low as t he order 
of 100 keV, Cylon performs very well as a fast neutron detector. 
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8.4 Detector Improvem ents 
There are a few other improvements being developed for both Cylon and the DMTPC Dark 
Matter detector. For Cylon in particular, two important and necessary improvements are 
the increased sensitivity and pulsed timing of the high voltage supply on the anode plane 
and EMCCD and PMT triggering. Also for both Cylon and the Dark Matter detector, 
maintaining the quality of the target gas in the detector is a very important issue for keep-
ing the signal gain stable. 
8 .4 .1 Improvem ent for Active Interrogat ion 
As I briefly explained earlier, the first criterion of a sensitive neutron detector would be 
achieved by increasing the detector pressure through a modification of its structural design, 
and the other by using a fast rise/fall time high voltage supply and some NIM devices. The 
delayed neutron recognition with uch a direction- ensitive neutron detecting device would 
be very unique and useful in securing shipped items in cargo without actually opening 
them and preventing nuclear terrorism. We can pulse and synchronize the power supply 
of Cylon detector with a fast neutron generator source so that Cylon 's power is tmned off 
during the irradiation of fast neutrons on uranium. Once the neutron generator is turned 
off, Cylon is turned back on to detect any delayed neutrons in a pulsing mode. By making 
this timing on the order of micro econds or less, our detector should be able to detect only 
the featured delayed neutrons from such a material as uranium. 
We have recently modified the triggering system capability of the Cylon neutron detector 
with a pul ing functionality for both the amplification voltage and EMCCD and PMT 
triggering timings. Thi new triggering system may be critical in the search for delayed 
neutrons from uranium source . The schematics shown in Fig. 8.24 explain how it works. 
Once the Cylon receives a ignal from the neutron generator turning on, we can et the 
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Figure .24: The schematics of the timings of turning on the anode high-voltage and 
triggering the EMCCD and PMT after the incoming signals from the sources such as 
neutron generators with the pulse frequency of 'f' Hz. 
which are cau ed by fast neutrons from the generator . After some delayed time, the neu-
tron generator i turned off. and the Cylon anode turns on. In order to avoid the inevitable 
voltage overshoot and RF noise, we also delay the triggering of the EMCCD and PMT . 
Thus, while the EMCCD and PMT are active, the only source for the nuclear recoil in 
the detector would be the delayed neutrons (assuming cosmic ray neut rons are rejected 
later on). Both the EMCCD and PMT would be deactivated before turning off the anode 
voltage for a clean procedure. Then the same cycle repeats . Upon a po itive verification of 
such a detection capability, we are planning to upgrade the detector to 1 m3 in size. With 
a detector of this size, the sensitivity increases up to % or more. It will be capable of 
detect ing - in a matter of second and with a great ense of incident direction- any fis ile 
nuclear material within 20 m. 
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8.4.2 Improvement for Gas Gain 
For both t he prototype Dark Matter detector and Cylon neutron detector, we chose to use 
vacuum chambers. This is so we can pump out the air inside down to high vacuum level 
and keep the gas quality as high as possible once the target gas is introduced. However 
as I have shown in the thesis, anything we introduce into the detector causes outgassing. 
Outgassing contributes to the impurity of t he gas inside and will, over time, cause a re-
duced signal level. Using low outgassing material is one way to minimize this problem; 
however , more active method of cleaning the target gas becomes necessary in order to 
carry on a long-run detector exposure. Fig. 8.25 shows our preliminary experiment of the 
use of such a gas fil ter. Both plots show the change of a particle energy spectrum over 
time in pure 40 torr CF4 gas. The setup is exactly the same except for the use of the filter. 
Fig. 8.25(a) indicates the steep loss of gain starting right after the gas was introduced, 
whereas Fig. 8.25(b) clearly shows the stable signal gain over time due to the use of the 
fil tering system. For this experiment , we used a Matheson NanoChem BLOC Series pu-
rifier, which removes typical impurities such as H20, 0 2, and C02 and keeps them down 
to < 0.1 ppb level (Matheson Tri-Gas) . The flow rate was approximately 10 liters/ min. 
Assuming the volume of the vacuum chamber is roughly 80 liters, t his system fil tered and 
circulated t he whole detector gas in 8 minutes. This was a very positive result , which 
helped us design the next generation Dark Matter detector that keeps the signal gain level 
stable. 













Figure .25: Change of 241 Am a energy spectrum over time due to change of gas quali ty 
(a ) without filtration/ circulation, and (b) with fil t ration/ circulation. 35 hours of each data 
is shown. The thick band corresponds to "'4.7 MeV of the expected full range a energy. 
The thin band at the bottom is due to 1 rays. 
Chapter 9 
Dark Matter Background Data Run by 
Cylon 
In this chapter, I will discu s the particle identification analysis of the Cylon background 
run with the gas mixture of 40 torr CF4 , 600 torr of 4He, and 50 torr of 3He, particularly 
on the typical Dark Matter induced particle energy region. I will use the same background 
run data I u ed in the previou chapter (see Sec. .2). Most of the co mic ray neutron 
interactions occur with the helium atoms of the gas target; however, there are a number of 
heavy C or F nuclear recoils that can be identified. My goal in this chapter is to distinguish 
the separate bands of C or F and a recoils, particularly in the low energy region, identify 
the signals recorded, and discu our detector application in the real earch for Dark !\latter 
particles. 
9.1 20-Day B ackground Data by Cylon w ith Gas M ixture of 
3He 
Fig. 9.1 shows the 20 days of background run with the Cylon detector with gas mixture 
of 40 torr CF4 600 torr 4 He, and 50 torr of 
3He. The total live time of data adds up to 
391 hours. Due to the gain variation issue that I di cu ed in the previou chapter, the 
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Figure 9.1: 20 days of background data taken with Cylon detector with gas mixture of 
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Figure 9.2: 20 day of background data taken with Cylon detector with gas mixture of 
40 torr CF4 , 600 torr 4 He, and 50 torr of 3He. Charged particle t rack range vs. energy 
curves by SRlM simulation are superimposed. 
correction process , t he actual fiducial volume of the detector has gone down to 7.85 liters. 
Fig. 9.2 is t he background data scatter plot with the SRlM simulated ion t racks· range vs. 
energy curves superimposed. The smearing of the particle track location i mainly due to 
the non-optimum electron diffusion effect (see Fig. .9) because of Cylon 's mechanical con-
straints. Also we are still working on a more sophisticated and preci e readout method of 
track lengths information. Thi ingle scatter plot from the background data run contains 
large amount of important information for our Dark Matter research. our detector capa-
bility, and hints for the next generation DMTPC Dark Matter detector . In the following 




Figure 9.3: (a ) Region and (b ) sample image of high energy a particle background. 
9.2 Particle Identification in Large Energy or Long Track 
R egion 
Fig. 9.3 shows the region of typical high energy a particle background. Those a particles 
are emitted from naturally occurring heavy nuclear decays from U / Th/ Rn. The a particles 
decaying from U/ Th have energy range of 4 to 5.5 MeV, and the ones from Rn can go as 
high a 6.4 MeV. They may be coming from any material inside the detector. including 
copper meshe . In the data analysis, we have reduced the fiducial volume by rejecting any-
thing outside the central 20 em diameter of the EMCCD view, so it is highly unlikely the 
a particle from the wall of the chamber or the field cage rings are included in the scatter 
plot presented in thi chapter. The high-purity copper we used for the Cylon detector has 
reduced the amount of the background a particles by an order of magnitude compared to 
a regular grade copper. This type of background can be reduced much more effectively by 
using ultra high radio-purity grade material for the detector components. 
The next i the charge-one particle background ( ee Fig. 9.4). Those are the cosmic ray 
protons and muons. Also some protons are coming from the material inside the detector 
due to high energy neutron elastic collisions. Having uch a low energy threshold, our 
detector is capable of triggering and recognizing charge-one muon tracks from cosmic rays 
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(a) (b) 
Figure 9.4: (a ) Region and (b ) sample image of proton/ muon background. This image 
shows a proton track, but muon tracks look very similar to this. 
very well. This type of background can be reduced by placing the detector deep under-
ground. However, those long particle tracks as well as the high energy a: particle track 
can easily be rejected in the data analysis process . 
When very high energy neutrons elastically scatter off of a carbon or fluorine nucleus, 
these nuclear recoils show very bright and relatively short tracks in the view. Fig. 9.5 is 
the example of such nuclear recoil tracks. The estimated energy of the recoil in Fig. 9.5(b) 
is approximately 2.5 l\IeV. These high energy nuclear recoils look very similar to what I 
presented earlier in the chapter on te ting our prototype Dark Matter detector with a 252Cf 
neutron source at MIT (see Sec. 4.1). 
9.3 Particle Identification at MeV Region 
Fig. 9.6 shows the MeV region of the Cylon background data run with 3He gas mixture. 
The fully contained P + T t rack form a local cluster centering at 764 keV of energy given 
by thermal neutron absorption events of 3He. The energy re olution i approximately 20 %. 
3He gas erves as an excellent calibration source for a TPC. It is very valuable to have the 
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(a) (b) 
Figure 9.5: (a ) Region and (b ) sample image of high energy Cor F nuclear recoils induced 
by cosmic ray neutrons. Thee timated energy of thi recoil is approximately 2.5 l\IeV. 
standard 764 keV of energy when identifying other signals we measure. In the data anal-
ysis, we noticed that there are two obvious bands in the partially-contained P +T tracks 
region (see Fig. 9.7). Thee bands are due to the partially missing P+T tracks from the 
thermal neutron absorption events occurring at the edge of view or detector. \Vhen a triton 
side is missing, the location of energy-vs.-length band stays higher in a scatter plot than 
that of a proton side missing due to the difference of how much energy is lost per unit length. 
Because Cylon detector contain 600 torr of 4 He gas the neutron scattering is increased, 
and we expect copious numbers of 4He recoils. Fig. 9. shows the typical 4He recoil re-
gion in the scatter plot. Initially, the Cylon detector was always used with the majority 
gas mixture ratio of 4He in order to increase the neutron detection ensitivity. Neutrons 
being one of the biggest background for a Dark Matter research, we always had an idea of 
using a pure CF4 gas. However, along the progress of our re earch, we experienced several 
problems, one of which was the outgassing problem which reduces the electron gain of the 
TPC. By increasing the detector gas pressure, we can avoid this problem. We have already 
shown that introducing 4 He ga into our detector does not create any significant problem 
in the search for Dark l\Iatter. Even the fact that background neutrons mimic Dark l\Iatter 
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Figure 9.6: Magnified image of the Cylon Dark Matter background data run scatter plot at 
a l\ IeV energy region. Thi plot focuses on t he fully-contained P+T tracks due to thermal 
neutron absorpt ion events of 3He. 
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Figure 9. : (a) Region and (b) sample image of 4 He recoils induced by cosmic ray neutrons. 
The estimated energy of this recoil is approximately 200 keV. 
signals cannot be a big is ue becau e we will need to place our Dark l\fatter detector deep 
underground in order to veto the cosmic ray neutrons. In another words, we can make use 
of the 4 He gas as a "double-check' of the neutron level of the laboratory where the detector 
is placed, and if the location is truly neutron free, we hould not have any problem u ing 
the gas mixture of CF4 and 4 He. 
9.4 Particle Identification at Dark Matter Energy Region 
In this section , I will discuss our detector 's capability at a low energy region where the 
expected Dark Matter signals would be found. Fig. 9.9 shows the low energy region of this 
background run data. Although the energy resolution is not very good, one can clearly 
see the separation of the C or F recoil band and 4He recoil band. A I mentioned in the 
previous section, when the detector is placed deep underground, mo t or all of the 4 He 
recoils seen in this scatter plot will disappear ; however, even with some 'neutron leaks' in 
the laboratory, our detector should be able to distinguish the Dark Matter signals from 
those of background neutrons once the energy re olution is optimized. At the bottom of 
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Figure 9.9: Magnified image of the Cylon Dark Matter background data run scatter plot 
at a low energy region. This plot focuses on the separation of C or F and 4 He bands. 
Our detector is almost transparent to 1 ray background and very seldom triggers to them. 
Even if some of t he 1 ray background is recognized by the track finding algorithm, it is 
very easy to reject them as seen in this scatter plot. 
Fig. 9.10 shows some sample image of C or F nuclear recoil events induced by cosmic ray 
neutrons. Although some of the low energy tracks show ambiguous directionality informa-
tion, once we obtain a large number of data. we will be able to tatistically determine the 
favored directionality of the signal . The energy of these nuclear recoils is estimated to be 
approximately the order of 50-100 keV, and the track length is the order of 1-2 mm. Thi 
is about where we would expect to find Dark Matter induced fluorine recoils be at . For this 
preliminary data analysis, we made a Dark !\latter region cut at the energy of 250 keV and 
range of 3 mm. We also applied a cut of all event below the simulated C range-vs.-energy 
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Figure 9.10: Magnified images of low energy C or F nuclear recoil induced by cosmic ray 
neutrons. The energy range of these recoils is estimated to be the order of 50- 100 keV. 
The track length is 1- 2 mm. 
curve because it provides a reasonable cut for the F band. Over 391 hour of total li ve time, 
we reached a sensitivity volume of 23 g-days (see Fig. 9.11). We concluded that there were 
eleven nuclear recoils detected in the Dark Matter energy region during this background 
run. This corresponds to 2.1 g-days per background event . T his re ult should be similar 
to a result using a more sophisticated data cut analysis technique. 
9.5 Cosmic Ray Neutron Induced Inelastic Recoils and Sum-
mary 
In t his 20 day background run data, we also identified a few inelastic nuclear collision 
events induced by high energy cosmic ray neut rons with t he energy of tens to hundreds 
of t-. IeV (see Fig. 9.12 and Fig. 9.13). By going through all signals in the scatter plot , we 
found the total of seven such C or F inelastic nuclear collision event , which al o agrees 
with what our calculations expected . Inelastic collision events are very rare simply be-
cau e the neut ron cross section is o much lower than elastic colli ion (see Fig. 4.17(a) and 
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Figure 9.11: 20-day Dark Matter surface background data run reached a total sensitive 
volume of 23 g-days over 391 hours of live t ime. 
Fig. 4.17(b)) . Thus, data from these events is very useful when calculating the efficiency 
of the Cyton detector for this Dark Matter background run. 
Using the data obtained by Cylon, my adviser, Profes or Steve Ahlen, performed a detailed 
analysis and showed how close our measurement is to other measurements or calculations 
(see Fig. 9.14) (Gordon et al. , 2004: Al-Bataina and J anecke, 19 7: Hagmann et al., 2007). 
As mentioned earlier, the use of high-purity copper has reduced the number of background 
ex particles by several factors. Also, Cylon detector's track efficiency for x-rays and 1-rays 
is so low that our detector is almost completely t ransparent to such background noise. 
Professor Ahlen also determined the cosmic ray proton rate at sea level measured with Cy-
ton. and this will be the fir t measurement at this energy and shows very close agreement 
with the expected value (see Fig. 9.15). With the close agreements of the measurements 
of several different particle data and the capability of detecting low energy nuclear recoils 
with the ense of directionality t hat I have shown, I believe our future generation DMTPC 
detector will be able to achieve the goal of detecting positive ignals from Dark Matter. 
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(a) (b) 
Figure 9.12: (a ) Actual viewing size and (b ) magnified and color-emphasized image of a 
sample C or F inelastic calli ion events. 
. . . 
·~ 
(a) (b) 
Figure 9.13: (a ) Actual viewing size and (b ) magnified and color-emphasized image of a 
sample C or F inelastic calli ion events. 
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Figure 9.14: Cylon measurement of particle rate and comparison to other measurements 



























Figure 9.15: Cylon measurement of cosmic ray proton at sea level. The green dot indicates 
the Cylon measurement. This analysis has been performed by my adviser, Professor Steve 
Ahlen (Hagmann et al.. 2007) . 
Chapter 10 
Conclusion and Next Goal 
I have so far shown and discussed the capabilities of our prototype Dark !\l atter f eu-
tron detectors. During last four years of my graduate study and research, we have made 
numbers of progresses refining the DMTPC detection technique. Among all the difficult 
challenges in the Dark Matter research , I believe the two most important detector capa-
bilities are achieving directionality sensitivity and a low enough energy threshold with the 
positive identification of signals above background. Once we understand these aspects of 
our detector, we can cale up the detector volume to be in a competitive Dark !\latter 
detection region. 
10.1 Current Status of DMTPC Collaboration 
We are currently demonstrating and quantifying our Dark Matter detector ' capabili ty in 
the mine of Wa te Isolation Pilot Plant (WIPP) laboratory in Carlsbad, Tew f\l exico. The 
laboratory area is located about 650m below the surface, which is equivalent to 2,300 m.w.e. 
Furthermore. there is a thick salt layer above the laboratory space (see Fig. 10.1). The 
expected neutron flux is on the order of 300 / m2 / day, which is roughly 2,600 t imes less 
than the typical ea-levellocations . The expected muon flux is also as low as 0.1 / m2 / min , 




Figure 10.1: (a) The geological information of WIPP. (b) The image of the basement 
laboratory area (\VIPP). 
to quantify our prototype detector for the background study. One of our goals is to make 
our detector background free and, in order to do so, we need to understand and quantify 
our detector completely in a low background environment like the one at WIPP. 
Once we have acquired a sufficient amount of data at the WIPP for the background study 
of our prototype Dark 1\Iatter detector, our next goal is to build a 1 m3 Dark 1\Iatter 
detector with all the skills and knowledge we have learnt from our prototype detectors. 
The Dark 1\Iatter Time Projection Chamber (DMTPC) collaboration group has recently 
been awarded $560,000 from the U.S. Department of Energy in order to accelerate our 
experiment into the next phase, which is to build a 1 m3 detector. 
10.2 1 m 3 Dark Matter Detector 
10.2.1 Sensitivity and Limits 
Under the assumption of zero background level for a 1 m3 DMTPC Dark Matter detector, 
the expected ensitivity limit is described in the exclusion plot (see Fig. 10.2(a)). The solid 
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Figure 10.2: (a ) The expected sen itivity (90 % C.L.) of t he Dl\IT PC detector to a pin-
dependent WIMP scattering on protons. T he dashed lines show the best published limits. 
The colored areas show the allowed regions from the MSSM calculation (Sciolla, 2009) . 
(b ) The exclusion limit plot with DMTPC's 10L surface run at MIT (Battat, 2010) . 
line with "DMTPC 0.1 kg-y" is the ensit ivity limit t hat t he Dl\ITPC 1m3 detector would 
reach over a data-taking period of 1 year. The region covered in light blue is t he estimation 
by MSSM of the ensit ivity required in order to detect Dark 1\Iatter part icles. Once the 
quality of t he next generation DMTPC 1 m3 Dark Matter detector is verified, scaling up 
will not be difficul t . Once we reach t he sensitivity of 100 kg-y, we do expect to be able to 
exclude a large amount of the Dark Matter limit area expected by the theory unless our 
detector catches positive directional signals from the vVIMPs. 
1 0 
10.2.2 Design 
During the last four years of the R&D phase, we have tried to pursue constant target gas 
quality. In order to achieve t his goal, we used vacuum chambers as detector bodies. In this 
way, we could pump out the chamber down to high-vacuum pressure and clean the detector 
before introducing the target gas. Over the years, we learned that no matter how clean we 
prepare t he chamber before use, outgassing contamination is unavoidable, and we always 
had to deal with t he electron gain change over t ime because of the gas purity level. Among 
all the contaminants, in particular we need to avoid water and oxygen in the DMTPC 
detectors. Lately, we have begun studying how to control the water level of a chamber, 
and from the positive outcome of the constant gain level over t ime with the use of gas 
purifier (see Sec. .4.2), we have started thinking t hat our future generation detector will 
be equipped with a gas circulation and filtration function, and we may not need expensive 
vacuum chamber anymore. This will give us a great deal of freedom in de igning the next 
generation DMTPC Dark t-.Iatter detector, not only because of the freedom in dimen ions, 
but also we can cut down the cost of building one. 
The next improvement we will need is the use of large surface PMTs. As I discussed in 
Sec. 6.2.3, the optical readout of particle tracks' energies may not be the most optimum 
because of the unavoidable electron diffusion effect. Although it depends on the drift elec-
tric field and the length of the drift region. it is guaranteed that electrons from the ion 
tracks will diffuse in the transverse direction when they have to travel a long distance in 
t he electron drift region. Pt-.IT photon counts, on the other hand. do no depend on the 
concentration of the electrons. Diffused or not , PMT signals will be more or less uniform 
for the given energy of the traveling particle in the detector. With the great degree of 
freedom in the detector design I mentioned above, it will be necessary to use large surface 
P ITs for t he Dt-. ITPC ' next generation 1 m3 Dark t-.Iatter detector. 
Finally, our next generation Dark Matter detector must be equipped with fiat and smooth 
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Figure 10.3: A preliminary drawing of the next generation DMTPC 1 m3 Dark l\Iatter 
detector (Inglis, 2010) . An array of EMCCDs and PMTs looking down the electron drift 
region through a glass and field- haping cage rings. We can construct such a detector in 
any dimension or orientation. 
surface amplification stages. A we have learned, it i very important to achieve these 
goals, or there will be a resulting fluctuation of the electron gain. which i not acceptable 
in a Dark Matter detector . Prior to my joining the group, GEMs (Gas Electron Multipier) 
were considered for u e a the amplification stage. However , at that early stage in the 
research, the group was ti ll struggling with sparking problems. Because a single spark 
ruins a GEM board, the use of GEMs was dismissed. ow that we better understand 
the sparking, it may be a good idea to once again consider the use of GEMs to reach 
the desired combination of elect ron gain and uniformity. Another possibi li ty would be the 
u e the electron amplification stages of the l\1icrol\Iegas (.t\Iicrol\IEsh GAseous Structure). 
A micromesh is separated by a smooth surface metal with high-insulating 'posts', and it 
creates an uniform electron amplification region. 
Fig. 10.3 presents a conceptual image of DMTP C's next generation 1 m3 Dark Matter de-
182 
(a) (b) 
Figure 10.4: (a) An array of 1 rn3 conceptual DMTPC detectors in order to increase the 
fiducial volume. (b ) The array of the detectors will be fitted inside a shipping cargo so 
that the whole detector becomes 'portable' (Inglis, 2010). 
tector. Both El\ICCDs and PMTs will form an array of the detector 'eyes·. EMCCDs will 
be used to detect the 2D projected track length of the traveling particles in the detector, 
and PMTs will offer both the energy and vertical components of the particle t racks. The 
gas inside the detector will be circulated through a filtration system, o the detector will 
no longer need to be qualified as a vacuum chamber. Also, there are no con traints on a 
dimension or orientation in constructing such a detector either. One more point I can add 
to it is the manufacturability and scalability of the detector. 
10.3 100 m 3 Dark Matter Detector 
Above a 1 m3 detector design, the co. t of the detector becomes a very important part of 
the detector expansion. If our next generation 1 m3 DMTPC detector becomes easily man-
ufacturable, rather than de igning and constructing a single huge Dark l\Iatter detector, 
building an array of such 1 m3 detectors in our conceptual design will be a much better idea 
in scaling up the detector·s fiducial volume. Thu , we can avoid the difficult task of scaling 
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up the inner TPC system uch as an anode plane. Fig. 10.4 shows the conceptual images 
of an array of 1 m3 detector in order to scale up our sensitivity. In this way, the array 
of the Dl\ITPC detectors can also be 'portable' by fitt ing them inside a regular shipping 
cargo (see Fig. 10.4(b)). This also means that the detectors can be transported without 
much difficulty. 
I was recently rewarded with the honor of a new position as a post-doctoral researcher in 
the DMTPC collaboration, and as one of the starting members of this Dark Uatter exper-
iment group. I have witnessed and contributed to the great progress of our Dark l\latter 
research. 
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